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Abstract

The U.S. Department of Energy (DOE) Hydrogen Sorption Center of Excellence (HSCoE) was
formed in 2005 as a 5-year project to develop hydrogen storage materials primarily for
application with light-duty vehicles. The HSCoE was competitively selected (DOE 2003), led by
the National Renewable Energy Laboratory (NREL), and comprised partners from U.S. national
laboratories, universities, and industry (see Figure ES-1). The HSCoE concluded operations in
September 2010 as per its planned schedule.

Because dihydrogen (H>) has relatively low volumetric energy density compared to typical liquid
transportation fuels, the primary focus of the HSCoE was to develop sorbent materials that could
be used to meet DOE 2010 and 2015 on-board hydrogen storage system targets. These targets
included on-board fuel storage in which the system contains more than ~5.5 percent by weight
(wt %) and ~40 grams of hydrogen per liter (g/L). State-of-the-art, compressed-gas H, systems
operate at pressures between 350 and 700 bar at ambient temperature and store 3—4 wt % and
less than 25 g/L. In addition, current liquid-hydrogen systems use more than 30% of the energy
in the hydrogen for liquefaction and cannot meet the DOE long-term targets for volumetric
capacity. Thus, the HSCoE’s goal was to develop sorbents that enable systems to operate at
temperatures closer to ambient and at nominal pressure (less than 350 bar), to help meet all DOE
performance targets simultaneously.

In general, sorbents increase hydrogen storage capacities compared to high-pressure,
compressed-gas systems at a given pressure and temperature, thus enabling lower pressure to be
used to achieve a capacity that’s comparable or higher. At sufficiently high pressures where
compressed H, becomes very dense (typically 250 to 300 bar at ambient temperature), sorbents
no longer improve hydrogen storage capacities. Sorbent materials embody a tremendous
potential for transportation technologies and offer a range of advantages compared to existing
systems. They allow fast hydrogen fill-up and discharge rates, nominal thermal-management
requirements during refueling, ease of engineering, the ability to provide required pressures, and
favorable system energy efficiencies, which decrease costs. Sorbents may also be used in other
hydrogen storage applications such as delivery and stationary power generation.

When the HSCoE was established, the main challenge for sorbents revolved around the low
binding energies of H, with interfaces, and thus the need to use cryogenic temperatures to
achieve high capacity. Thus, from the outset, the HSCoE focused on adjusting the binding
energies to achieve higher capacity at temperatures closer to ambient. Overall, the main issues
for hydrogen storage with sorbents involve achieving required volumetric and gravimetric
capacities as well as system cost. These issues are related, because system costs are directly
addressed by increased capacities and storage at temperatures closer to ambient and at lower
pressures.

HSCoE principals identified four main mechanisms for hydrogen storage by sorbents and created
specific development plans to ensure that the appropriate resources were applied to solving the
very difficult technical issues with each one. To ensure efficiency and accelerate development,
the HSCoE formed complementary research focus areas/groups loosely aligned with the four
sorption-based hydrogen storage mechanisms: (1) Optimized Nanostructures, (2) Substitution,
(3) Strong/Multiple H, Binding by Metal Centers, and (4) Weak Chemisorption/Spillover.
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Specific partners with the right skill sets were assigned to each research group; these partners
worked closely together on the most difficult issues for each focus area. Selection criteria were
established for each focus area, and the HSCoE quickly selected specific sorbents/classes for
focused development efforts based on their hydrogen storage potential and/or performance—
along with material classes that should not be developed further.

Regardless of the specific elements used, a pure physisorption material needs to have a specific
surface area (SSA) of more than about 3,000 m?/g to have the potential to meet DOE hydrogen
storage targets (see DOE Fuel Cells Technologies Multi-Year Research, Development and
Demonstration Plan [DOE 2007]). This requirement alone eliminates hundreds of elements and
materials that are just too heavy.

During its 5-year life, the major findings of the HSCoE included:

1. Cryogenic Storage: New materials increase gravimetric (>60%, i.e., from ~5 to
>8.5 wt % at ~80 K) and volumetric (~150%, i.e., from ~15 to >35 g/L at ~80 K)
hydrogen storage on high-SSA sorbents by optimizing pore size distributions (0.7 to
1.5 nm) to increase SSA and packing density. Standard physisorption-based H,
gravimetric capacity scales with SSA. Thus, no substantial increase in capacity can be
achieved with geometric structures alone. Although binding energies can be
approximately doubled with very small pores that enable multiple wall interactions with
the H, molecules, effectively, the space for adsorption is decreased, thus decreasing the
overall capacity.

2. Toward Ambient-Temperature Storage: Substitutional materials such as boron in carbon
or metal-organic frameworks (MOFs) exhibit enhanced dihydrogen binding energy (i.e.,
8 to 12 kJ/mol) that increases capacities (e.g., doubles or triples) on a per-SSA basis at
near-ambient temperatures.

3. Ambient-Temperature Storage: Reversible high-capacity sorbents that were designed
and made via ambient-temperature hydrogenation techniques such as spillover store 1 to
4 wt % at ambient temperatures, with the potential for 7 wt % and 50 g/L at ambient
temperatures and less than 200 bar. In addition, coordinated unsaturated metal centers
are a new class of H, storage materials with the potential to store at ambient temperature
>10 wt % and >100 g/L. More fundamental experimental work is needed to fully prove
these concepts and provide validation for the model predictions.

4. Improved Measurements: Unique measurement capabilities developed by the HSCoE
accurately and reproducibly characterize H, storage properties of small, laboratory-scale
samples (1-200 mg). These measurement capabilities enhanced high-throughput, rapid-
screening analyses. In addition to capacity measurements, a high-pressure nuclear
magnetic resonance spectroscopy system was developed to help identify hydrogen
interactions in micropores versus those in macropores. The HSCoE also used several
different techniques including neutron scattering, Raman and Fourier transform infrared
spectroscopies, and differential volumetric measurements to provide unique hydrogen
storage materials’ characterization. In addition, the HSCOoE led the publication of DOE’s
“Best Practices” guide for hydrogen storage measurements—a reference guide for
kinetics, capacity, thermodynamics, and cycling measurements (DOE 2008).
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5. Predictive Theory: Research approaches used by the HSCoE that combined iterative and
coupled theory and experimental efforts accelerated materials design and development.
First-principles theorists designed synthesis pathways and accompanying materials with
optimal hydrogen storage properties. These predictive approaches sped identification of
materials with the potential to meet DOE hydrogen storage targets, including novel
heterogeneous materials, paths to creating high-capacity, fast-filling spillover materials,
and new classes of sorbents with the potential for greater than 100 g/L and 10 wt % at
ambient temperature. If these materials were to be reproducibly synthesized, they would
have the potential of enabling systems that exceed DOE’s 2015 system targets.

The HSCoE accelerated development by working closely among groups with the right skill sets
to increase appropriate-material synthesis rates of optimized sorbents with access to as many
higher-energy binding sites as possible. The sorbent-development efforts were also accelerated
by iteratively using first-principles theory with known materials and processes to design rational
synthetic pathways and materials with optimal hydrogen storage properties. These predictive
approaches helped to speed the identification of materials and approaches that have the potential
to meet DOE hydrogen storage targets, including novel heterogeneous materials, paths to
creating high-capacity, high-rate spillover materials, and entirely new classes of sorbents, one of
which uses the unique properties of calcium, with viable synthetic routes. These revolutionary
materials could store hydrogen at densities greater than 100 g/L and 10 wt % at ambient
temperature, which is well in excess of liquid-hydrogen densities and exceeds DOE’s ultimate
system targets including cost, volumetric capacity, and gravimetric capacity.

The HSCoE made substantial progress in developing sorbents for hydrogen storage. This
includes identifying numerous materials and entire material classes for which development
efforts either were not started or were ended, and for which the HSCoE recommends that future
efforts not be performed. The HSCoE also created high-SSA sorbents that can be used to
construct systems that meet DOE’s 2010 hydrogen storage targets. Furthermore, although only a
very limited number of viable routes exist, the HSCoE identified clear development paths for
constructing sorbents with the potential to meet DOE’s 2015 and even DOE’s ultimate full-fleet
targets for light-duty vehicles (DOE 2009).

The HSCoE believes that the on-vehicle refueling capability of sorbent materials is unique and
offers tremendous advantages that should be exploited for hydrogen storage. Thus, the HSCOE
highly recommends that future development efforts be performed with the focus on reducing
material and system costs by improving material storage capacities at near-ambient temperatures.
Future efforts should leverage the work performed by the HSCoE to minimize repetition, gain
insights on lessons learned, and use the materials and capabilities developed. For example, the
rapid-throughput, highly accurate characterization capabilities for hydrogen storage materials
developed by the HSCoE were essential to quickly identify material properties and validate
results so that minimal efforts were wasted on poor materials or erroneous results. This is
absolutely critical to eliminating the hundreds of thousands of dollars and years of effort often
associated with rooting out what ultimately turns out to be erroneous results. Furthermore, any
future efforts must also investigate additional material properties related to hydrogen storage
systems so that thermal conductivity, heat dissipation, refill and discharge rates, durability, and
other engineering issues are fully addressed.
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Introduction

The U.S. Department of Energy (DOE) Hydrogen Sorption Center of Excellence (HSCoE) was
competitively selected and formed in 2005 to develop materials for hydrogen storage systems to
be used in light-duty vehicles. The HSCoE and two related centers of excellence were created as
follow-on activities to the DOE Office of Energy Efficiency and Renewable Energy’s (EERE’s)
Hydrogen Storage Grand Challenge Solicitation issued in fiscal year (FY) 2003 (DOE 2003).

Because dihydrogen (Hy) has relatively low volumetric energy density compared to typical liquid
transportation fuels, the primary focus of the HSCoE was to develop sorbent materials that could
be used to meet DOE 2010 and 2015 on-board hydrogen storage system targets. These targets
included on-board fuel storage in which the system contains more than ~5.5 percent by weight
(wt %) and ~40 grams of hydrogen per liter (g/L). State-of-the-art, compressed-gas H, systems
operate at pressures between 350 and 700 bar at ambient temperature and store 3—4 wt % and
less than 25 g/L. In addition, current liquid-hydrogen systems use more than 30% of the energy
in the hydrogen for liquefaction and cannot meet the DOE long-term targets for volumetric
capacity. Thus, the HSCoE’s goal was to develop sorbents that enable systems to operate at
temperatures closer to ambient and at nominal pressure (less than 350 bar), to help meet all DOE
performance targets simultaneously. Sorbents allow fast on-vehicle hydrogen fill-up and
discharge rates, nominal thermal management requirements during refueling, ease of
engineering, the ability to provide required pressures, and favorable system energy efficiencies.
The last benefit affects hydrogen and storage costs, a vital consideration in designing storage
systems. In addition, sorbents may also be used in other hydrogen storage applications such as
stationary power generation, portable power, backup power, and niche, early-market vehicles.

Hydride species often have high binding energies (typically 40-60 kilojoules per mole [kJ/mol])
with the hydrogen, which can result in poor energy efficiencies for reversible storage and may
require off-vehicle regeneration of the spent material. By comparison, the hydrogen sorbents
investigated by the HSCoE typically rely on non-covalent interactions (for example, typically

5 to ~30 kJ/mol), thus providing a range of advantages compared to hydride and high-pressure
physical storage systems for transportation applications. The optimal hydrogen interactions with
sorbents could enable fast hydrogen on-vehicle fill and discharge rates, nominal thermal
management requirements during fueling, lower pressure requirements for on-board storage and
fueling, ease of engineering on the vehicle, and favorable “well-to-fuel cell” energy efficiencies
that decrease vehicle and station costs.

In general, sorbents increase hydrogen storage capacities compared to high-pressure,
compressed-gas systems at a given pressure and temperature, thus enabling lower pressure to be
used to achieve a capacity that’s comparable or higher. At sufficiently high pressures where
compressed H, becomes very dense (typically 250 to 300 bar at ambient temperature), sorbents
no longer improve hydrogen storage capacities. When the HSCoE was established, the main
challenge for sorbents revolved around the low binding energies of H, with interfaces, and thus
the need to use cryogenic temperatures to achieve high capacity. Thus, from the outset, the
HSCoE focused on adjusting the binding energies to achieve higher capacity at temperatures
closer to ambient. Overall, the main issues for hydrogen storage with sorbents involve achieving
required volumetric and gravimetric capacities as well as system cost. These issues are related,
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because system costs are directly addressed by increased capacities and storage at temperatures
closer to ambient and at lower pressures.

Detailed system analysis is needed to project actual H, storage system capacities, but, because
this was outside the scope of the HSCoE, the HSCoE typically reported what is termed “excess”
H, storage material values. Excess values represent the H, actually stored on the sorbent surfaces
and thus what the material is contributing to storage in the system/tank. Because sorbents tend to
have additional pore and intraparticle volume where H; gas also resides, a given material will
typically “contain” more (i.e., material “total”’) H than the reported material excess value.
However, DOE-directed detailed analyses indicate that systems using sorbents will have usable
system capacities close to the excess values, and thus these excess values can be used to gauge
differences between materials and what an actual system may store (ANL 2010). Specifically,
although the exact details will vary based on the storage pressure, temperature, and storage
mechanism, the HSCoE focused on developing sorbents with excess capacities greater than

~6 wt % and 40 g/L, and on reducing system and station costs by limiting storage pressures to
less than 200 bar and temperatures to higher than ~77 degrees Kelvin (K) (=200 degrees Celsius,
°C), with the ultimate goal of higher than 200 K (—80°C). Note that material “total” capacities
are only normalized to the sorbent weight and are often misleading, because they typically
translate to far lower system capacities when the weight of the entire system is used.

The HSCoE's critical goals included the following hydrogen storage system targets: net available
capacity of 45 g/L and 6 wt % and system cost of $133/kg H,. However, in FY 2009, DOE
revised the hydrogen storage system targets for light-duty vehicles, some of which are shown in
Table ES-1 (DOE 2009). In light of this change, all DOE targets discussed in the remainder of
this document will reference the revised DOE hydrogen storage system targets. The targets for
the HSCoE are nominally reflected by the 2015 DOE hydrogen storage targets shown in

Table ES-1.

Table ES-1. Revised (in 2009) Selected High-Level DOE Hydrogen Storage System Targets for
Light-Duty Vehicles*

Target 2010 2015 Ultimate Full Fleet
System Gravimetric Density 4.5 55 7.5
(% wt) (1.5 kWh/kg) (1.8 kWh/kg) (2.5 kWh/kg)
System Volumetric Density 28 40 70
(g/L) (0.9 kWh/L) (1.3 kWhiL) (2.3 kWh/L)
System Fill Time for 5-kg fill, min 4.2 min 3.3 min 2.5 min
(fueling rate, kg/min) (1.2 kg/min) (1.5 kg/min) (2.0 kg/min)

*http://wwwl.eere.energy.gov/hydrogenandfuelcells/storage/pdfs/targets _onboard hydro_storage explanation.pdf

To ensure that the development activities were performed as efficiently as possible, the HSCoE
formed complementary, focused development teams or clusters based on the following four
sorption-based hydrogen storage mechanisms:

1. Physisorption on high-specific surface area (SSA) and nominally single-element
materials

2. Enhanced H; binding in substituted/heterogeneous materials
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3. Strong and/or multiple H binding from coordinated, but electronically unsaturated, metal
centers

4. Weak chemisorption/spillover.

From the outset, HSCoE partners were chosen to provide the specific expertise and capabilities
necessary to develop materials that could fulfill DOE requirements. The National Renewable
Energy Laboratory (NREL) led the HSCoE, with partners at other U.S. national laboratories and
universities, and at Air Products and Chemicals, Inc., a corporate partner (see Figure ES-1). The
NREL team included HSCoE Director Lin Simpson, Anne Dillon, Philip Parilla, Thomas
Gennett, Yufeng Zhao, Jeff Blackburn, and Chaiwat Engtrakul, as well as Michael Heben (who
subsequently went to the University of Toledo) and Shengbai Zhang (now at Rensselaer
Polytechnic Institute).

HSCoE Partners

Under NREL's coordination, a center was established that included development activities at
more than 20 renowned institutions throughout the United States and direct collaborations with
institutions around the world. The HSCoE partners/projects are described briefly in the
following.

U. Chicago Rice
Polymer design Nanoengineered space, theory
Penn State y NREL Argonne
B-C-N materials ater m‘“ﬂ“_ MEOr o !'-r"mmn mﬂ' ':"‘- Polymers
U. Missouri Oak Ridge
Nanoporous carbons Carbon nanohoms
U. North Carolina o Livermore
: U. Michigan
Nuclear magnetic resonance Aerog
‘ Spillover and -
e metal-organic frameworks .
Duke Texas A&M
Nanoporous materials Air Products __|  Metal-organic frameworks

Materials, measurement,

theory, engineering

[J university [ Industry O] Federal Lab

Figure ES-1. Overview of the HSCoE partners. Rice, NREL, and Air Products and Chemicals
formed the HSCoE Steering Committee during Phase I.
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e Air Products and Chemicals Inc. (APCI), Alan Cooper and Guido Pez (retired). APCI
enabled and executed discovery of materials with "practical heats" of hydrogen
absorption.

e Argonne National Laboratory (ANL), Di-Jia Liu, University of Chicago, Yuping Lu.
ANL developed new hydrogen adsorbents based on nanostructured porous organic
polymers (POPs). ANL collaborated with the University of Chicago researchers who
constructed the POPs.

e California Institute of Technology (Caltech), Channing Ahn. Caltech focused efforts on
determining the optimal microporous size distributions necessary for maximizing
volumetric densities and producing uniform binding for the entire capacity range of the
sorbent.

e Duke University, Jie Liu. Duke initially synthesized and purified gram quantities of
single-walled carbon nanotubes (SWNTs) with well-controlled small diameters via
chemical vapor deposition methods. After no significant improvement in sorption
properties was found, the project was redirected to developing low-cost and scalable
synthesis of microporous carbon materials with well-controlled pore sizes suitable for
hydrogen storage.

e Lawrence Livermore National Laboratory (LLNL), Ted Baumann. The LLNL team
concentrated on the design and synthesis of new nanostructured carbon aerogels (CAs)
that could meet the DOE 2010 targets for on-board vehicle hydrogen storage.

e University of Michigan (Michigan), Ralph T. Yang. Michigan pioneered the
development of new nanostructured sorbents optimized for hydrogen spillover.

e University of Missouri-Columbia (Missouri), Peter Pfeifer. Missouri investigated high-
SSA carbons from corn cobs, which show considerable promise for reversible on-board
storage of hydrogen with high gravimetric and volumetric storage capacities.

¢ National Institute of Standards and Technology (NIST), Dan Neumann and Craig
Brown. NIST performed state-of-the-art, neutron-scattering measurements to probe the
amount, location, bonding states, dynamics, and morphological aspects of hydrogen
storage materials. NIST performed this role within both the HSCoE and the Metal
Hydride Center of Excellence.

e Oak Ridge National Laboratory (ORNL), Dave Geohegan and Alexander A. Puretzky.
ORNL worked on synthesis, processing, and tuning of single-walled carbon nanohorn
(SWNH) structures for effective hydrogen storage to meet the DOE 2010 targets.

e Pennsylvania State University (Penn State), Peter C. EKklund (deceased), Michael
Chung, Henry Foley, and Vincent Crespi. Penn State developed new high-SSA materials
that have enhanced hydrogen binding (i.e., isosteric heats of adsorption) through a direct
chemical modification of the framework via chemically substituting boron (B) into sp*
carbon (C) frameworks.

¢ Rice University (Rice), James Tour, Carter Kittrell, and Richard E. Smalley (deceased).
Rice’s primary objective was to design and develop nanostructured materials using sp
carbon.
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e Rice, Boris Yakobson and Robert Hauge. For this project, Rice modeled the interaction
of hydrogen with material structures, optimized them for storage, and assessed their
capacity.

e Texas A&M University (TAMU), Hongcai Zhou (formerly of Miami University-Ohio).
TAMU designed, synthesized, and characterized high-SSA, metal-organic frameworks
(MOFs) with active metal centers aligned in porous channels and accessible by H,
molecules.

¢ University of North Carolina, Chapel Hill (UNC), Yue Wu and Alfred Kleinhammes.
UNC developed unique characterization tools based on nuclear magnetic resonance
(NMR) to provide simultaneously detailed information on microscopic structures of
nanoporous materials and their hydrogen storage capacities, binding energies, and
kinetics.

e University of Pennsylvania (Penn), Alan G. MacDiarmid (deceased), Pen-Cheng Wang.
Penn focused on the synthesis, processing, characterization, and selection of polyaniline-
based materials.

e Former Partner: Michigan/University of California, Los Angeles (UCLA), Omar
Yaghi. This project, which developed MOFs for hydrogen storage, left the HSCoE at the
end of Phase I, which concluded 18 months after the start, to pursue development
independently.

R&D Approach and Research Activities

A guiding principle the HSCoE used in developing the required materials is that a continuum of
energies existed for hydrogen bound to substrates and molecules. On the weak side of the
continuum is non-dissociative (hydrogen remains a molecule, Hy) physisorption, which is due
purely to van der Waals (vdW) forces (~4 kJ/mol). On the opposite end is the full C-H chemical
bond in methane with an energy of ~400 kJ/mol. As shown in Figure ES-2, between these two
limits, with nominal binding energies between 5 and 40 kJ/mol, are:

o Physisorption related to key parameters affecting vdW forces

e Enhanced dihydrogen binding via the formation of complexes that exhibit electron
transfer interactions from the hydrogen as in substituted/heterogenous materials

e Multiple dihydrogen interactions, i.e., forward- and back-electron donation, between the
sorbent and hydrogen that induces a significant molecular bond stretching between the
hydrogen atoms

e Weak chemisorption, which is weak, reversible, chemical bonding of mono-atomic
hydrogen to lightweight receptor materials (via a “spillover”” mechanism).

The DOE targets can be met with sorbents if: (1) the energy for hydrogen adsorption (i.e., the
enthalpy) can be designed to be in a nominal optimal range of ~10-40 kJ/mol, depending on the
entropy (i.e., effectively the state of the sorbed hydrogen compared to the relatively disordered
state of the hydrogen gas), desired operating pressure, and temperature (see Figure ES-3); and/or
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(2) an efficient volumetric arrangement (see Figure ES-4) of a sufficient number of suitable
binding sites can be achieved with a low-weight material.

By focusing on specific mechanisms, the HSCoE leveraged appropriate materials and synthetic
capabilities and expertise of the different partners to create optimized-pore-size and high-SSA
materials; heterogeneous materials with enhanced dihydrogen binding; materials with
coordinated metal centers; and spillover or chemisorbed hydrogen materials.

H, Molecule 400 kJ/mol Boron Dopant 400 kJ/mol
¢ o o S —*
OO M

, wo—{ OGO

’ \, o
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O O )Donation
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o Binding Energy: 10-30 kJ/mol [0
Binding Energy: ~5 kJ/mol =
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deTM H, Fived
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Figure ES-2. lllustration of the four types of sorbent binding mechanisms the HSCoE investigated

From the outset, to facilitate selection from among a relatively large number of potential sorbent
materials, HSCoE researchers placed greater emphasis on identifying and developing
mechanisms that led to higher volumetric capacity and more favorable operating conditions
rather than on specific individual materials. This enabled efficient and rapid progress by focusing
resources on identifying and optimizing specific properties and critically evaluating hydrogen
storage material classes. This is why the HSCoE was organized into four focused efforts, each of
which was designed to address a specific set of issues associated with a specific hydrogen-
sorption mechanism (Figure ES-2).
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These focused research efforts were complementary, with lessons learned and materials
developed in one effort often proving applicable to another. For example, the main issues for
physisorption are optimized pore sizes and very high SSAs. Similar issues arise for other sorbent
material classes, and thus lessons learned for physisorption materials were directly applied to
other HSCoE development activities. The key advantage of the mechanism-focused approach is
that selection criteria could be identified for each material class based on a limited amount of
experimental and calculation work. This enabled identification of the most promising materials,
and thus eliminated the vast majority that

lacked the potential to meet DOE targets. »Nn———
This approach substantially reduced the \
HSCoE's overall work while prioritizing

development efforts. =
Optimized Nanostructures for g 15
Physisorption >

In most hydrogen-sorption materials with the &~
potential to meet DOE targets, almost every = 10|

atom must be accessible and lightweight.

Therefore, materials with high SSA are 5 [ 77K
required. In addition, to meet volumetric ==

targets, the sorption sites need to be arranged P R S S S U S TR

to minimize the amount of open space 0 10 20 30 40 50 60 70 80 90 100
(Figure ES-4) so that the bulk density can be Pressure (atm)

as high as possible. This suggests that porous Figure ES-3. The optimal enthalpy (AH) for
structures should be optimized to allow hydrogen storage depends on the pressure,

hydrogen egress in and out, but the hydrogen temperature, and sorption interaction (i.e., entropy:
should be in contact with some kind of dotted lines AS=-10R, and solid lines AS=-8R). For

rotion site. Logically. the materials should example, as shown in this plot (Source: Bhatia and
sorpuion site. Logically, the materials snou Myers 2006), if materials with enthalpies between

have no rr_lacroporosity (F_)O_res greater than_ ~13 and 25 kJ/mol can be made, then ambient-
~50 nm diameter) and minimal mesoporosity ~ temperature hydrogen storage is possible with

(pores between 2 and 50 nm diameter), and, pressures between ambient and 100 bar. For lower

depending on the specific sorption binding energies, lower storage temperatures will
. . b ded.

mechanism, the materials should have pore e neede

sizes between 0.7 and ~1.5 nm.

In general, to allow sorption on all surfaces of a pore, the distance between the surfaces should
be at least twice that of the kinetic diameter of dihydrogen (2.89 A). In addition, multilayer
adsorption effects, H-H repulsion, and other space-optimization considerations suggest that the
pore sizes may need to be ~1.2 nm. Finally, calculations suggest that some enhanced binding
may occur if the pore structure is on the order of 0.7 to 1.2 nm.

The "Optimized Nanostructures™ effort focused on designing and synthesizing lightweight, high-
SSA, optimal-pore-size materials with the findings being applicable to almost all sorption
materials. The effort focused on stabilizing large quantities of hydrogen directly by
physisorption. Specific activities involved performing theoretical modeling and experiments to
determine potential mechanisms for higher storage capacities and to provide guidance for
materials development. The thrust of these efforts involved optimizing both sorption sites and
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space to enhance binding without loss of volumetric capacity. In addition, these efforts
developed and/or improved scalable and reproducible synthesis methods of nanoporous
materials. Several different synthetic

pathways were investigated, N
including templated carbon/boron,

o

>
/

/

5 . 0.00 b
polymers, MOFs, aerogels, SWNHs, 014 — 5 \\\
and scaffolded SWNTs. Synthesized 2 012 | |m=m 006
materials were characterized to gl
determine their hydrogen storage ® . 0.12
properties and, when appropriate, o~ & °% —
identify unique sorption mechanisms. .2 006 -

In some cases, this involved 'g 0.04

optimizing materials for other storage 2 o ;

processes beyond physisorption. > 000 A

Substitution (’%}_ 6

The HSCoE formed the 2 4

“Substitution” development effort to 9;-;'%\

focus on increasing the intrinsic %Q : T H
binding energy of storage materials /‘%‘L, 0 02 04 °° k‘ adsorbant/t)
and thus their storage capacity at g2 W Material pensity (k9

higher temperatures. In general, Figure ES-4. Graph from ANL showing the dependence
increasing the intrinsic heats of of volumetric density on gravimetric and bulk density for
dihydrogen adsorption is difficult, sorption _materials. The plot indicates that tp have the
and the HSCOE identified only a few potential to meet the DOE 2015 volumetric target

(0.04 kgH.,/L, yellow band on chart), bulk material
densities between 0.7 and 1 g/L will be required for
sorbent materials with 6 to 7 wt % gravimetric capacities.

potential pathways.

For most pure materials, or materials
with electronic configurations that
induce no significant adsorption, the primary adsorption mechanism is physisorption, which
typically has enthalpies of ~5 kJ/mol or less for interaction with a single surface. Enhanced
physisorption binding energies (i.e., 5 to 10 kJ/mol) are often observed with high-SSA materials.
This is primarily a result of interaction with multiple adsorption sites that then limits the total
gravimetric capacities. In general, physisorbed dihydrogen on single surfaces has relatively low
binding energies, and capacity requires operation at lower cryogenic temperatures and higher
intermediate pressures. Typically, increased binding energies, lower temperature, and higher
pressure are required to overcome the intrinsic repelling force between dihydrogens to yield
higher storage capacities on the sorbent surface at a specific temperature and/or pressure.

Going beyond pure physisorption requires enhanced electron interactions between the sorption
material and dihydrogen. In general, heterogeneous elemental structures or surface
functionalization can induce enhanced electron interactions. However, the HSCoE’s relatively

comprehensive investigations revealed very few material systems with the potential to enhance
dihydrogen binding.

In general, the exchange of a different atom species in an elementally homogeneous lattice
induces an electronic perturbation that may enhance dihydrogen binding. Based on initial
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predictions and experimental results, the HSCoE partners developed scalable synthesis methods
to form substituted and intercalated materials that demonstrate enhanced dihydrogen storage
properties. Boron substitution was achieved by either starting with chemical compounds with
high concentrations of B and forming high-SSA materials, forming B-substituted activated and
graphitic carbons (e.g., BCs), or substituting boron for carbon atoms in preformed materials. In
addition, the HSCoE partners developed anion-intercalated graphitic and other
intercalated/functionalized materials with enhanced hydrogen storage properties.

Strong/Multiple Dihydrogen Binding

The final set of methods to improve dihydrogen binding is characterized by forward- and back-
electron donation from the sorption material that induces a significant molecular bond stretching
between the hydrogen atoms (Kubas 2001). Typically, this is achieved when the sorption sites
are electronically and coordinately unsaturated. In these cases, electrons are donated from the
hydrogen to electronic states in the sorbent, and some electron transfer occurs where other
sorbent electronic states donate to the hydrogen molecule. These types of sorption sites can bind
a dihydrogen molecule more strongly (10 to 200 kJ/mol), but more importantly, they can also
bind multiple dihydrogen molecules to a single sorption site. This method enables a substantial
increase in volumetric densities if these sites can be densely arrayed.

As stated previously, the HSCoE focused on materials with an optimal range between ~10 and
40 kJ/mol to enable reversible, near-ambient temperature and pressure hydrogen storage. The
HSCoE investigated integrating appropriate metal centers with binding energies to 40 kJ/mol
with materials such as aerogels, carbon nanohorns, carbon nanotube scaffolds, polycyclic
aromatic hydrocarbons, graphene, and MOFs. These efforts included using the higher Coulomb
repulsion between alkaline metals to facilitate metal/substrate binding and/or enhancing charge
transfer to stabilize the metal/substrate interaction with substitutional integration of different
atoms in the support materials. One key issue with the use of open metal centers is that their
higher reactivity makes them susceptible to an array of issues. Such issues include agglomeration
of the metals and reaction with contaminants, both of which reduce or eliminate the hydrogen
storage enhancement, which makes durability and synthetic processing more challenging.

Weak Chemisorption/Spillover

The HSCoE also actively investigated methods to efficiently store dissociated hydrogen. In
general, dissociated or atomic hydrogen forms strong bonds with other materials (e.g., metal
hydrides or chemical hydrides) that require high temperatures (>500 K) or catalysts to break the
bonds. However, it is possible for hydrogen atoms to be adsorbed to surfaces in such a way that
the bonding is weaker and conducive to nominal reversible storage capacities at near-ambient
temperature and under moderate pressure. From a practical standpoint, a catalyst is typically
needed to dissociate the dihydrogen gas; this is a known technology in the chemical process
industry. Because most common industrial catalysts (e.g., Pt, Pd, Ni) are relatively heavy and
expensive (e.g., platinum group metals), reaching the DOE targets will require catalysts that are
appropriately integrated with a lightweight and compact material such as carbon or boron so that
the dissociated hydrogen can “spillover” and be stably and reversibly stored, primarily on the
lightweight, inexpensive receptor material.

Maximizing performance and costs via spillover involves focused development efforts to
optimize catalyst performance and dispersion and to integrate with receptor material properties
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and hydrogen surface transport/diffusion mechanisms. This involves performing systematic
experiments to quantify spillover processes, determining the causes for material degradation and
irreproducibility, and developing scalable and reproducible synthesis methods of spillover
materials. For example, because of the mechanisms associated with hydrogen diffusion on the
receptor material surfaces, low refueling rates and small materials’ surface properties are major
challenges that must be resolved. To address these issues, the HSCoE leveraged modeling to
identify and to construct new spillover materials with improved properties and to chemically
modify known spillover materials to improve spillover performance.

Major Results and Findings

During its 5-year tenure, the HSCoE made substantial progress in developing sorbents that can
be used for light-duty vehicle and other applications. The HSCoE developed high-SSA sorbents
that could be used to construct systems that meet DOE’s 2010 system targets (i.e., 4.5 wt % and
28 g/L). Furthermore, the HSCoE identified development paths for designing and synthesizing
sorbents with the potential to meet DOE’s 2015 and DOE’s ultimate full-fleet system targets for
light-duty vehicles (DOE 2009). The HSCoE systematically developed or investigated hundreds
of different materials and/or processes; this resulted in more than 200 peer-reviewed
publications, with more than 25% of them involving multiple U.S. and international institutions
as co-authors. Based on the huge number of framework materials alone (e.g., MOFs), as well as
the huge number of potential new materials identified, the exact number of materials
developed/studied is impossible to quantify. However, the efforts led by DOE and the HSCoE
helped accelerate sorbent development worldwide, as demonstrated by the thousands of papers
that have been published in hydrogen sorption during the last few years. In addition to hundreds
of conference presentations, proceedings, and published reports, the HSCoE partners submitted
and/or received more than 40 patents.

The HSCoE also determined more than 100 pathways (e.g., synthesis routes) and/or materials
that were down-selected as not being applicable to meeting current light-duty vehicle targets.
However, some of the down-selected materials and the materials developed for light-duty
vehicles may have many other transportation applications and portable or stationary power
applications. Many may be useful in today’s major high technology applications including
carbon capture/CO, sequestration, energy storage, batteries, semiconductor electronics,
composites, drilling fluids, inks, drug delivery, transparent conductors, photovoltaics,
purification, biomass catalysts, fuel cell catalysts, and energy generation.

In general, the major findings for the HSCoE are aligned with the specific sorption mechanisms
investigated. However, one of the more important conclusions of the center is related directly to
the experimental measurements. During the past 5 years, the HSCoE has measured the hydrogen
storage properties of thousands of different sorbents from its partners and from development
groups around the world. The lack of consensus and the inability to validate storage-capacity
measurements stands out as a major problem that plagues the community. This problem is
highlighted by the recent European Commission JRC report showing round-robin test results
from the “Novel Efficient Solid Storage for Hydrogen” partners (Zlotea et al. 2009), which
showed more than 100% deviation in capacities for the same relatively low-capacity sorption
material. Reproducibility and measurement-error problems tend to only get worse with higher-
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capacity, laboratory-scale materials where only 50 to 100 mg may be available for measurement.
The results from a couple of the laboratories were similar, but interestingly, the agreement
between the laboratories was different depending on the storage temperature of the
measurements.

Early on, the HSCoE partners also had significant deviations in measurement results between
different partners, but the partners worked together to identify measurement differences and to
work through the problems. This included working closely with the writing of DOE’s best-
practices document (DOE 2008), which provides a comprehensive and detailed set of
methodologies for performing measurements. Paradoxically, implementation of, and the specific
protocols used for, some of the methodologies still results in significant measurement
differences, especially for high-capacity sorbents.

As shown in Figure ES-5, it is possible for two institutions that developed measurement systems
completely independently to get virtually the same isotherm for the same material. The HSCoE
was fortunate to have three groups—NREL, Caltech, and NIST—that had good agreement in
hydrogen storage capacity isotherm results at different temperatures and pressures. The center
members worked together to help all the different groups develop protocols to measure isotherms
accurately, but equipment and training limitations kept even a close group such as the HSCoE
partners from achieving complete agreement. In general, though, when partners worked together,
hydrogen storage capacity measurements could be brought into close agreement for sorbents, and
validation by specific laboratories is sufficient to ensure the competency of the results.

The important issue here is that the HSCoE, sorbent development groups, and the hydrogen
storage community as a whole continue to waste valuable resources dealing with reports of
exceptional hydrogen storage results that

ultimately in months or years turn out to be 6
basic problems with measurements. As
discussed below, one of the HSCoE
recommendations directly addresses this
issue by calling for sorbent standards and
qualification practices to be implemented
that go well beyond what can be
accomplished with the best-practices
document (DOE 2008). The other reason for
spotlighting this issue is that actual progress
and major findings must be compared to :
validated results—not to unsubstantiated ol ‘
claims that ultimately cannot be reproduced. 0 50 100 150
With this in mind, the HSCoE successfully Pressure (bar)

advanced hydrogen storage sorbents in a
number of ways, including improving
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Figure ES-5. Excess H, gravimetric uptake
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nanostructures for optimal hydrogen storage
and enhancing isosteric heats of adsorption
along with capacities.
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polyetheretherketone (PEEK) material measured
at NREL and Caltech. The agreement of the data
from two different laboratories is exceptional,
providing strong evidence of the outstanding
hydrogen storage properties of this sorbent. The
estimated error of the excess H, gravimetric
uptake for the data from Caltech is +0.1%.



Cryogenic Storage via Physisorption on High-SSA Materials

The HSCoE developed rational designs and methods to synthesize sorbents with the appropriate
nanostructures and compositions for optimal hydrogen storage. The center had groups that
investigated methods to enhance physisorption through geometric configurations and to form
nanostructures with just the right pore sizes, which allowed as much access to the surfaces as
possible for hydrogen sorption.

In general, storage capacities increase with higher SSAs and bulk densities. Here, the bulk
density is calculated based on the actual volume of the lightweight highly porous sorbent powder
or pellets. Although these are necessary requirements for high capacity, other factors, including
optimized pore sizes (i.e., 0.7 to 1.5 nm) and enhanced binding energies (i.e., >5 kJ/mol) for the
entire capacity range, are also important.

However, it continues to be non-trivial to achieve both the high SSAs and the micropore
diameters (i.e., 0.7 to 1.5 nm) necessary for optimized H, storage. Many methods, such as
activation (Guo et al. 2008) and inorganic or organic templating (Yang et al. 2007; Sakintuna
and Yurum 2005), SWNT scaffolds, SWNHSs (Puretzky et al. 2008; Geohegan et al. 2007), self-
organizing MOFs (Wong-Foy et al. 2006; Collins and Zhou 2007), or equivalent materials were
used to make porous materials. With a vast library of ligand “building blocks” and different
coordination chemistries, the HSCoE literally made hundreds of frameworks that were
characterized by X-ray diffraction, SSA analysis, and H; capacities. The HSCoE was at the
forefront of formulating and synthesizing frameworks for hydrogen storage (Wong-Foy et al.
2006) and the first to make materials that exceed 3,800 m?/g SSA and have 7 wt % excess H,
storage capacities. Subsequently, frameworks with ~6,500 m?/g and ~8.5 wt % excess H, storage
were reported (Farha et al. 2010). The main issues with these framework materials are the need
for cryogenic temperatures and the trade-off between very high SSAs that achieve good
gravimetric capacities and lower bulk densities (i.e., 0.1 to 0.5 g/ml) that have relatively low
volumetric storage capacities (at best, less than ~30 g/L).

As part of the HSCoE efforts, predictive models were developed to understand the physisorption
interactions of hydrogen with high-SSA materials and to understand the relationship between
geometrical configurations and storage capacities. In general, the volumetric capacity scales
directly with the gravimetric capacity through material density. Thus, simultaneous increases of
the volumetric and gravimetric capacities require increasing both SSA and material density,
which means that larger voids should be removed. For physisorption, H, binding energy is
determined by the effective contact area per H,. Perhaps the simplest H, sorbent is a sp>-bonding
network of pure carbon, in which the closed electronic shell and strong C-C bonds leave no
reactive sites for hydrogen chemisorptions, thus only physisorption of hydrogen molecules is
allowed in a weak dispersive force field (vdW interaction).

Typical high-SSA carbons such as activated carbons and carbon aerogels generally show great
promise for use in storage tanks, but the pore size distributions in these materials range from
microporous (<2 nm) to macroporous (>50 nm), resulting in poor volumetric densities.
Framework structures also typically have a range of free-space dimensions that can be in the
mesoporous regime (2 to 50 nm), which makes a number of these materials less than ideal for
hydrogen storage applications. Moreover, typical sorption enthalpies of 4 to 6 kJ/mol are close to
thermal energies, requiring low temperatures if large quantities of hydrogen are to be stored.
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Within the HSCoE, different synthetic techniques and geometric structures were investigated to
determine which provided the best materials for physisorption-based hydrogen storage. The
processes included using synthesis techniques to create appropriately sized pores in dense
materials and constructing self-assembled crystal structures with open pores.

Previous to the start of the center, a substantial amount of work had been performed on
developing “activated” and “superactivated” carbons, with materials such as AX-21 representing
the state of the art in sorbents. Sorbents such as AX-21 have ~5 wt % maximum excess hydrogen
storage capacity at ~80 K with ~30-bar pressures, but because of their relatively large pore sizes
(1 to 4 nm), their bulk densities are relatively low (~0.3 g/ml), and thus their volumetric
hydrogen storage capacities are only ~15 g/L. These superactivated carbons are formed using
pyrolysis and/or chemical-treatment techniques that create pores in bulk natural carbons.

In general, the HSCoE focused most of its efforts from the outset on creating high-SSA sorbents
with optimal and uniform pore sizes. Whether with frameworks, activated carbons, polymers,
nanotube scaffolds, or intercalated graphite, the goals remained the same. This focused set of
efforts proved successful in creating materials with extremely high SSAs (~6500 m?/g) and
gravimetric capacities (>8.5 wt %) at 77 K, high bulk densities in the range of 0.7 to 1.4 g/ml,
and in a few cases, materials with both good surface areas and bulk densities (Simpson 2010).
This latter set of results is ultimately where all sorbent materials need to be. In the best case,
where the best SSAs and best bulk densities via optimal pore sizes can be combined, it may
ultimately be possible to synthesize physisorption materials with >7 wt % and >50 g/L capacities
at ~80 K and ~40 bar (See Figure ES-6)

It may be possible to meet DOE 2010 hydrogen storage targets with presently demonstrated
sorbents at ~80 K storage temperatures. In addition, even though present projections for sorbents
are a little low to be able to meet DOE 2015 targets at ~80 K, because sorbent capacities can
easily be increased by ~30% (i.e., >9 wt % and >65 g/L) using storage temperatures at ~50 K,
there are definitely paths

forward for sorbent-based Single
hydrogen storage systems to Sl E— IR ) O\ M atom
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pressures, and may require the least engineering (compared to metal or chemical hydrides) to
design and construct a system that could meet the DOE 2015 targets.

At the outset of the HSCoE’s activities, numerous publications had reported extraordinary results
for high-SSA materials in which the enhanced capacities were potentially a result of novel
geometries or structures within the material (Zlotea et al. 2009). In general, heats of adsorption
can be increased with multiple-wall interactions, but this ultimately reduces capacities based on
the decrease in space for the hydrogen molecules (Purewal et al. 2009). The HSCoE did not
validate any single-element material or any materials with unexceptional electronic states that
have substantially higher capacities beyond those expected based on SSA and specific storage
conditions. For example, at one time carbon nanotubes where thought to possibly have unique
H,-storage properties, but after a dedicated focused effort, the HSCoE made a No-Go decision on
using carbon nanotubes as an ambient-temperature hydrogen storage material. Ultimately, carbon
nanotubes may still provide excellent hydrogen storage at cryogenic temperatures. Specfic
experiments demonstrated that materials with near-single pore sizes did not provide the constant
heats of adsorption expected as a function of loading. These results suggest that even in materials
with uniform pore sizes, other effects or features (e.g., edge, exterior surfaces, or surface
functional groups) may be important for hydrogen storage.

Alkali-intercalated graphite materials were used to demonstrate that higher isosteric heats of
adsorption can be achieved with appropriate geometric structures. However, as seen in

Figure ES-6, the overall gravimetric hydrogen storage capacity is substantially reduced (i.e., to
~2 wt % maximum excess at 77 K). This is because the higher heat of adsorption is being
provided by the hydrogen molecule interacting with two graphene layers (instead of one), thus
substantially decreasing the number of adsorption sites for other hydrogen molecules. Thus,
although geometric structures can provide higher heats of adsorption that enable a higher
hydrogen capacity at higher temperatures, the overall maximum achievable capacity is
substantially decreased.

Specifically, the storage capacity of the alkali-metal intercalated graphite at 195 K is ~1.3 wt %
or ~65% of the 2 wt % maximum excess at ~80 K. This is substantially higher than the 25% to
35% observed at ~195 K for typical single-walled physisorption materials (Richard et al. 2009),
demonstrating that materials with enhanced isosteric heats retain more of their hydrogen storage
capacities at higher temperatures. However, the ultimate storage capacity of typical high-SSA
carbons at 195 K is ~2 wt %, so even though the retained component is less and has lower
binding energy, the increased SSA of typical activated carbons creates a higher overall capacity.
These intercalated graphite results support the predictions of higher isosteric heats with narrower
pore sizes in the range of 0.6 to 0.9 nm, the ability of intercalated graphite to monoatomically
disperse alkali metals, and/or the potential enhanced heats of adsorption by electron donation to
the lattice from the alkali atoms, resulting in enhanced (10 to 15 kJ/mol) heats of adsorption.
However, even if stage 1 (i.e., graphite layers and intercalated layers alternate) alkali metal or
similar intercalated graphite materials could be made, effectively doubling or possibly tripling
the capacities reported in Figure ES-7, the substantially smaller pore sizes needed to obtain the
higher heats of adsorption results in capacities that are too low to enable meeting the DOE

2015 targets.
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The HSCoE found that sorbents have the potential
to meet DOE hydrogen storage targets with
physisorption alone, but cryogenic temperatures
(see Table ES-2) are required, which impacts
fueling station, system, and H; costs. The
relatively low binding energies associated with
physisorption means that only ~50 kilowatts (kW)
of heat will need to be removed during refueling.
This will have minimal impact on the fueling
station costs compared to materials with higher
binding energies such as metal hydrides, which
could require 800 kW of cooling. To meet the
DOE 2015 targets, the HSCoE recommends that
the only physisorption materials that should be
considered for deveIoPment are those with SSAs
greater than ~3000 m“/g, optimized uniform pore
sizes in the range of ~0.7 to ~1.5 nm, excess
material H,-storage capacities >50 g/L and
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7 wt % at temperatures between ~80 and 200 K,
and moderate pressures (less than 200 bar).

Toward Ambient-Temperature Storage
with Increased H; Binding

Figure ES-7. (Upper) 77 and 87 K isotherms
of KC24 (K-intercalated graphite) with a
blowup of the low-pressure regime in the

inset. (Lower) Plot of the isosteric enthalpy of

adsorption demonstrating nearly constant

. : . . sorption enthalpy values with loading.
Typically, increased binding energies, lower P Py g

temperature, and/or higher pressures are required

to overcome the intrinsic repelling forces between dihydrogens to yield higher storage capacities
on the sorbent surface at a specific temperature and pressure. To have higher capacities at
temperatures closer to ambient, and compared to pure physisorption, enhanced electronic
interactions between the sorption

material surface and H; are Table ES-2. Capacities of High-SSA (~3,000 m?/g)
required. For example, the empty Sorbents at Different Temperatures
p-orbitals created by subs_tltutmg Temper- Excess Excess Nominal
boron (B) for carbon (C) ina C- ature (K) Gravimetric Volumetric ~ Pressure
matrix induces electron donation Capacity (Wt %)  Capacity (Bar)
from the hydrogen molecule to (9/L)
enhance binding energies by a 30 ~14 ~90 3
factor of three (i.e., from ~5 to 10— 20 ~8 =55 8
15 kJ/mol [Kim et al. 2006]) and 80 =5 =35 20

. i . 300 ~1 ~7 350
thus increase capacities, especially

at operating temperatures >200 K. Similar enhanced physisorption binding energies can also be
achieved through interactions with multiple adsorption surfaces, but the achievable capacity is
substantially reduced because there is less surfaces for adsorption. The predicted enhanced
binding achieved by appropriately substituting B in C was measured with a number of different
techniques and agreed with the theoretical predictions of 10-15 kJ/mol. Challenges remaining
include optimization of B loading levels with the required bonding coordination (i.e., sp
electronic coordination) and simultaneously obtaining high SSA. Several other low-molecular-
weight heterogeneous materials (i.e., materials with lithium, beryllium, nitrogen, oxygen,
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fluoride, sodium, magnesium, potassium, and/or sulfur) were investigated (Kim et al. 2006).
Other B-C or C-C coordination, the presence of other elements such as nitrogen (N) in the lattice,
or other (except for Be) substituted lightweight elements (e.g., Li, N, O, F, Na) in carbon lattices
do not significantly enhance dihydrogen binding (Kim et al. 2006). Boron-substituted carbon was
found to be the most promising substituted material. However, in addition to needing to be in the
correct coordination state, calculations predict that enhanced binding may occur only if the B
remains both electronically and structurally “frustrated,” such that the B atoms are out of the
plane of the carbon matrix, thus potentially expanding the lattice (Figure ES-8).

In addition to direct substitution, initial
efforts identified that materials with
intercalated and/or absorbed ions may
enhance dihydrogen binding. For example,
anions with high charge/volume ratio (e.g.,
fluoride) (Cooper 2008) can donate electron
density to s*-orbitals of dihydrogen.
Similarly, other intercalated species (e.qg.,
alkali and alkaline metals, anions) may
induce charge interactions to improve
hydrogen adsorption enthalpies (Q. Sun et al.
2009). Some of these effects may have been
observed in the alkali metal-intercalated
graphite materials that produce higher and
uniform binding energies that are due to
multiwall interactions. In some cases, it is :
theorized (Yoon et al. 2007) that molecular Figure ES-8. Schematic of the BC; structures that
dopants complexed with nanostructures can are predicted to have enhanced dihydrogen

- . . adsorption
generate sufficient electric fields to enhance
H, storage. Finally, some of these substituted
or functionalized materials may improve sorption of other elements/molecules for different
hydrogen mechanisms associated with back-donation (Zhao et al. 2005; Kim et al. 2009; Y.Y.
Sun et al. 2009; Yoon et al. 2008) and/or spillover.

Based on these initial predictions and experimental results, the HSCoE partners developed
scalable synthesis methods to form substituted and intercalated materials that demonstrated
enhanced dihydrogen storage properties. Because Be has substantial health-related issues, boron
is the only lightweight element left to substitute in carbon. In addition, the center partners
developed anion-intercalated graphitic and other intercalated/functionalized materials with
enhanced hydrogen storage properties. APCI performed similar calculations for F-based systems,
but subsequent experimental validation remained elusive. However, these experiments were only
a very minor component of the HSCoE efforts. Several techniques were used by the HSCoE to
form high-SSA and high-B-content porous carbon materials. For example, Penn State formed
porosity in B-containing precursors (Chung et al. 2008); NREL formed B-substituted SWNTSs in
gas-phase synthesis; Penn State, APCI, and NREL deposited ultrathin BC layers in templates;
and Missouri used B-ion implantation.
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Contrary to literature reports (Marchand 1971), all attempts by HSCoE partners to use boron
oxide in physical contact with graphene materials at high temperatures did not produce any
significant B-substituted carbons with the correct coordination. Similarly, initial attempts to form
sp*-coordinated B substituted in carbons with ion-beam implantation have not yet succeeded.
These ion-beam implantation experiments began in 2009 and will continue beyond the center
with the project at Missouri. In general, pyrolyzation and templating of B-C precursors produced
~500 m2/g materials with ~15% B. However, materials with higher SSAs could be formed, but
with lower boron concentrations.

Furthermore, most materials made to date ciid 1904 "ﬁ/wz.z ev
demonstrate multiple binding states (see B s _,-"r\v"
Figure ES-9). This is probably because B~ & >?°] RN S ---Combined Fit
goes into amorphous and other carbon By A Scan Dt
coordinations more easily than sp. 2 2%
However, it is the higher-energy sp? g 1751 18608¢
coordination that has the greater electronic £ 1257
affinity and perhaps the structural stress 751 F
needed for enhanced dihydrogen binding. ii ._,,g' ] ' . ' ’ |
As discussed above, the predicted R 18;“(,::8 En;?;y (e:,9)4 1o 198
enhanced binding provided by
appropriately substituted B in carbon was Figure ES-9. High-resolution B 1s spectrum and
detected with a number of different associated boron binding energies of deposited
spectroscopic techniques. The HSCoE used BCmaterial
X-ray photoelectron spectroscopy to
determine the specific coordination states 30
of B in C; prompt gamma neutron
spectroscopy, electron dispersive 25
spectroscopy, and electron energy loss 3 .
spectroscopy to determine the 2 20 o, o ¥
concentration of B in C; inelastic neutron § r g I IR
scattering and diffuse reflectance infrared S 15 .." S « 87 K_ads
Fourier transform spectroscopy (DRIFTS) § : :;(5)8 ﬁ_:gz
to determine the hydrogen binding state in = i‘ -
the BC materials; and NMR spectroscopy é L . Be
and temperature-programmed desorption < - .
(TPD) to quantify the hydrogen binding 0.5 . : I
energy and amount of interaction in the BC o e T
materials. 0.0 ="

0 10 20 30 40
As shown in Figure ES-10, the resulting Pressure (bar)
porous BC, materials had substantially Figure ES-10. Representative example of hydrogen

higher hydrogen adsorption on a per-SSA adsorption (solids) and desorption (open) excess

. : gravimetric isotherms of porous BC, sorbents.
basis compared _tO pure carbon ma}te”al.s' Because this material has only 600 to 800 m?®/g SSA,
In general, maximum excess gravimetric

. > the maximum excess hydrogen adsorptions of
hydrogen adsorption capacities of ~3wt %  ~2.3wt % at 77 K is much higher than is typically
are observed at 77 K for materials with 600 seen for pure carbon sorbents (i.e., 1.2 to 1.6 wt %).
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to 800 m?/g SSAs. In addition, ~65% of

the 77 K capacity is retained with some 2
porous BC, materials at ~200 K. This 10
compares to 25% to 30% with pure a7y
carbon materials at the same temperature. 2
— 6 '
Calculations and experimental % ........
measurements both show that stronger Cal
dihydrogen binding of between 10 and 2
15 kJ/mol (see Figure ES-11) occurs
when B is substituted with sp e = = =
coordination with carbons. This is ' "Hy wt% ‘ '
sufficient to substantially increase the _ _
storage temperature compared to typical Figure ES-11. Representative example of the

hydrogen isosteric heat of adsorption for a porous

cryo-compressed materials and to templated BC, sorbent
X

potentially enable BCs-like materials to

be used to meet DOE hydrogen storage capacity targets at 150-250 K temperatures if sufficient
SSAs can be obtained. Any significant storage temperature increase toward ambient significantly
reduces weight and costs, thus making it easier to meet DOE system targets. The effect of
enhanced hydrogen binding and perhaps smaller pore structues associated with BC, materials is
also observed with TPD. In general, as the B content of the BC materials is increased, the
hydrogen requires higher temperatures or takes a much longer time to desorb under vacuum
conditions. This is consistent with a higher binding energy and/or the more tortuous path
associated with the potential formation of smaller porous structures. That said, similar effects are
not observed with nitrogen-substituted templated carbon materials, suggesting that the higher
binding energies associated with boron substitution plays a major roll.

Increasing Ambient-Temperature Storage with Strong/Multiple Dihydrogen
Binding

As discussed above, materials such as sp>-coordinated boron substituted into a carbon lattice
provide enhanced dihydrogen binding of 10 to 15 kJ/mol. However, going beyond this requires
the use of materials with higher chemical potentials such as metals. The HSCoE championed the
use of unsaturated coordinated metal centers to increase H; binding energies (predicted values of
greater than 20 kJ/mol) and to enable the potential of multiple H,-molecule binding at a single
adsorption metal site. In these materials, the metal atoms interact with a lattice, but are
sufficiently configured to have enhanced interactions with H; via both forward and back
donation of electrons. Zhao et al.”’s 2005 seminal paper in this area was the first to predict unique
structures that may have the potential to hold multiple (i.e., 2 or more) H, molecules at a specific
metal site. This paper, which has been referenced more than 220 times, has opened up an entirely
new area of investigation for hydrogen storage. The key findings on this topic since the inception
of the HSCoE are that lightweight alkali, alkaline earth, and 3d transition metals may be
configured to enhance binding and have the potential to bind multiple H, molecules to a single
metal atom (see Figure ES-12). More fundamental experimental work is needed to fully prove
these concepts and provide experimental validation for the model predictions. However, the
potential is promising. For example, substantial amounts of work within the HSCoE identified
the unique properties of Ca for hydrogen storage (Ataca et al. 2009; Kim et al. 2009; Y.Y. Sun et
al. 2009 Yoon et al. 2008). As discussed in more detail below, Ca coordinated in the correct way
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may reversibly stores more than 100 g/L
and 10 wt % at ambient temperatures (see
Figure ES-13). This is substantially
higher than liquid hydrogen, but at
ambient temperature. Based on initial
designs from ANL, storage systems that
achieve >75% of the material capacities
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should be possible under these 10F s S
. . . 3 § Li-intercalated Graphite
conditions. Thus, these inexpensive l‘ ........................ AX-21, Chahine, et. al.
materials that bl_nd multiple hydrogen 0" ™ & &% 0% 1%
molecules per site could provide a Figure ES-12. Some coordinated metal center
reasonable path toward meeting DOE’s materials designed by the HSCoE maintain optimum
ultimate storage targets (i.e., 7.5 wt % hydrogen binding energies for their entire capacity
and 70 g/L). range. This helps with engineering and enhances the

material capacity.

In general, the specific partially

coordinated atom sites needed for strong and multiple dihydrogen binding can be attained in a
number of ways. These include stabilizing single metal atoms on high-SSA materials (e.g.,
Li/tetrahydrofuran co-intercalation compounds or Ca on graphene lattices) or in crystalline
structures such as MOFs or metallocarbohedrenes (Met-Cars). Thus, the HSCoE focused on
methods to develop hydrogen interactions with coordinated but unsaturated metal centers and to
design and synthesize these types of sorbents. This involved using calculations to identify and
guide tractable reactions that balance reactivity with stability and capacity.

From the outset, the HSCoE strictly adhered to the criteria of synthesizing stable materials that
have the potential to meet DOE hydrogen storage targets. Thus, theorists not only identified new
materials, they worked with experimentalists to identify thermodynamically viable synthetic
paths to form stable materials. A class of materials that can enhance dihydrogen binding was first
identified by Kubas (Kubas 2007); it involves creating materials and structures in which
individual metal atoms are coordinated to or in structures to keep them from agglomerating, but
with electrons that are not fully compensated.

Although initial work demonstrated enhanced dihydrogen adsorption, the key finding since the
inception of the HSCoE is that lightweight alkali, alkaline earth, and 3d transition metals can be
configured to enhance binding and perhaps to bind multiple dihydrogen molecules with a single
metal atom. This can occur at the metal atom site itself, or potentially charge-transferred to the
matrix material, which may enhance adsorption over the entire exposed surface. Metal clustering
and reaction with other elements reduce or eliminate the enhanced capacities, and thus materials
must be designed to stabilize the atoms.

The main challenges with coordinated metal center approaches to hydrogen storage include
being able to uniformly disperse these higher binding sites in such a way that they are accessible
to the dihydrogen, are stable and do not degrade with time/refueling cycles, and provide
relatively uniform dihydrogen binding throughout as much of the material storage capacity range
as possible. This latter point is important from an engineering perspective so that the net
available capacity can be maximized over as small a temperature and pressure range as possible,
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(b) (V7xV7) CaCq4(H2)s

(a) Ca2+(H3)g

which reduces the overall system costs.
Overall, the HSCoE developed several
ways to synthesize materials with
coordinated metal centers, including:

e Integration of metals in structures
such as Met-Cars or frameworks

e Full metal coordination with
electronic transfer to the support

e Single metal atoms coordinated
(but electronically unsaturated) to
bonding sites of supports.

Metal centers in MOFs or equivalent Figure ES-13. lllustration of a Ca—g_raphene structure
that may sorb 8 H, per Ca, creating a hydrogen

materials bind dihydrogen in the 10— storage material with capacities of more than 100 g/L
15 kJ/mol range, which is sufficient for and 10 wt %

near-ambient-temperature (150 to 220 K)

storage. The main issue with this type of material is that a high number of binding sites must be
uniformly dispersed and accessible to enable significantly enhanced dihydrogen adsorption
properties/capacities. The main issue with framework materials is that the high SSAs often
obtained are mutually exclusive to the high density of metal centers needed to provide the
higher-binding energy sites. Furthermore, the open pore structures often needed to attain high
SSAs make them less stable with low crystal densities that reduce volumetric capacities.

Thus, framework materials must be designed with densely packed metal centers that are open for
hydrogen adsorption to increase the binding energy for most of their capacity range. This is
especially critical because the metal centers in framework materials will typically be able to
adsorb only a single hydrogen molecule. Some of the initial experimental studies demonstrated
that exposed transition metal sites in framework materials have H; isosteric heats of adsorption
of ~10 kJ/mol (Dinca et al. 2006). This binding is significantly smaller than that observed in
other metal center hydrogen storage systems (Kubas 2001). Ab initio calculations quantitatively
account for the experimental findings and further show that the splitting and occupation of the
spin orbitals in MOF systems are why their binding energies result in one dihydrogen being
smaller than that observed in other materials (Sun et al. 2007). However, these calculations also
predict that if other transition metals are used (e.g., Sc, Ti, V, Cr, or Mn), the H, binding energy
by the MOF metal centers can be tuned to between 10 and 50 kJ/mol.

NIST worked with Dr. Jeffrey Long’s group at the University of California, Berkeley, which
created a set of MOF materials that were structurally similar but with different transition metals.
NIST used inelastic neutron scattering to show that the primary H, adsorption sites were at the
metal sites, and that these sites had the highest enthalpies. Furthermore, NIST showed that the
metal-H; distance, which is inversely proportional to the binding energy, was greatest for the
Cu?* ion and least for the Fe?* ion MOF. Thus, the binding was strongest for the Fe-MOF and
weakest for the Cu-MOF. These results contradicted predictions by Zhou, Wu, and Yildirim
(Zhou et al. 2008) that suggested that enthalpies and thus adsorption distance should be related to
the ionic radius of the metals. Because the ionic radius of Mn®" is greater than Fe?*, which is
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greater than Cu®*, NIST’s results showed that this is not the case. Subsequent work needs to be
performed to see if spin-polarization effects (Sun et al. 2007) fully account for the observed
behavior.

In general, metal centers in structures are sterically hindered and thus can adsorb one or at most
two hydrogen molecules. To exceed this limit and enable adsorption of multiple hydrogen
molecules to each metal site, the single metal atoms must have more access to the hydrogen.
However, this access must be balanced against the need to coordinate the metal atoms so that
they are sufficiently immobile to prevent agglomeration and are not sufficiently active to form
hydrides. In general, single metal atom coordination on the surface of pure elemental supports
such as carbon is relatively weak and predicted to be insufficient in many cases to prevent
agglomeration and/or hydride formation.

It is synthetically challenging to avoid metal agglomeration (clustering) in all carbon
frameworks. The metal must be bound to well-defined sites on high-SSA substrates with
precisely tuned energetics (see Yildirim and Ciraci 2005; Sun et al. 2006; Ataca et al. 2009; Kim
et al. 2009). However, based on some initial predictions (Yildirim and Ciraci 2005; Sun et al.
2006) and the unavailability of appropriately functionalized materials at the beginning of the
center’s efforts, a significant amount of work was performed on integrating metals with materials
such as fullerenes and SWNTSs. Ultimately, pure carbon materials are probably not sufficient to
stabilize transistion metal atoms, and thus materials with functionalized or higher binding sites
must be used.

NREL demonstrated one- and two-dihydrogen adsorption to single metal atoms coordinated with
functionalized activated carbon, Ni(BF,), (PPhy), - SiO; aerogel, BCx materials, as cointercalants
in graphite, and other material systems. In each of these cases, the dihydrogen was strongly
bound such that desorption temperatures of 150 K to greater than 300 K were required. All the
results to date have been in quantitative agreement with predictions based on the coordination of
the metals and the specific elements being used. The HSCoE was the first to identify the special
properties of Ca, which is abundant and inexpensive. NREL applied its unique predictive M_H,
theories to investigate the hydrogen storage properties of group I and Il metals. Unlike Li, Na,
and Mg, Ca can be coordinated to matrix materials in such a way that a pseudo-3d band state
forms, enabling substantial amounts of dihydrogen to be reversibly adsorbed. For example, Ca-
intercalated graphene (see Figure ES-11) with the graphene layers separated sufficiently to allow
dihydrogen molecules access around the Ca atoms has the potential to have net hydrogen
capacities in excess of 100 g/L and 10 wt %. In this case, the Ca atoms are stabilized by the
carbon with a +1.3 charge transfer at 50-90 kJ/mol. Furthermore, the Ca atoms adsorb
dihydrogen at 2040 kJ/mol. The Ca-C binding and charge transfer are sufficiently strong to
prevent Ca clustering; they become weaker as more dihydrogens adsorb. The Ca.xH; binding is
sufficient to store and release dihydrogen at densities much higher than liquid hydrogen, but at
ambient temperatures and moderately low pressures (i.e., 4 to 30 bar). Even though the synthetic
pathways remain a challenge, this set of work provides a breakthrough that clearly defines
sorbent materials that could be used to meet DOE’s ultimate storage targets.

In addition to the initial Ca-graphene work, NREL also found that graphitic B-C and some
covalent organic framework (COF) and MOF materials stabilize open Ca centers. In the case of
COFs, two Ca atoms will be bound to benzene linkers at ~120 kJ/mol, which in turn will adsorb
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four dihydrogen molecules with an average binding energy of 15 kJ/mol. Although this particular
material will have a hydrogen storage capacity of only ~44 g/L and 5.6 wt %, the theorists and
experimentalists have worked together to identify materials with viable synthetic pathways.

Finally, although most efforts focused on stable hydrogen sorption to single metal sites, the
HSCoE also identified processes and materials in which metals induce stronger hydrogen
sorption to the support materials, another potential storage route. The key future efforts must
focus on materials/process optimization to increase the number of viable binding sites and
ultimately the overall storage capacities.

Weak Chemisorption/Spillover
The HSCoE also investigated methodologies to store dissociated hydrogen molecules (i.e.,
hydrogen atoms). Unlike the work discussed previously to increase binding for dihydrogen, the
key issue here was actually developing ways to store dissociated hydrogen with binding energies
substantially lower than those
typically observed for hydride
formation. The HSCoE investigated
several ways to do this including
endohedral fullerenes, boron-
substituted materials, and Met-Cars.
Among the more promising
material classes, the HSCoE
demonstrated that catalyzed
hydrogen dissociation followed by
“spillover” (see Figure ES-14) onto
lightweight receptor support
materials enabled ambient-
temperature storage with binding
energies that range from 10 to

25 kd/mol.

Pt nanoparticle

In general, chemical covalent
bonding between hydrogen and Figure ES-14. Conceptual diagram of hydrogen spillover
carbon i relatvely strong (., 50 (PrOcesses, Reverenle oor-temperaure sbover |
to 400 kJ/mol) and requires high '

] - H, dissociates on metal catalyst particles; (b) atomic H
temperature to dissociate the bond. migrates to the receptor; (c) diffusion of atomic H across
However, hydrogen atoms can the receptor surfaces.

interact with materials such as

graphene in a way that does not change the graphite structures substantially (irreversibly), and
the hydrogen interaction is more like adsorption (Lin et al. 2008). Spillover is a metal-catalyzed
process in which the hydrogen molecule dissociates to H-atoms on the metal catalyst, followed
by migration of hydrogen atoms onto the surface of a receptor material and subsequent diffusion
away from the catalyst site. For this process to occur, the diffusion and storage of atomic
hydrogen on the receptor surfaces must have substantially weaker bonding/barriers to migration
than typically observed with chemical covalent bonding (i.e., weak chemisorption). Although the
phenomenon of spillover has been known for decades for petrochemical and refining catalysis
applications with ~0.01 wt % hydrogen adsorption (Conner and Falconer 1995), the HSCoE
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partners demonstrated that this process could be used to reversibly store substantially more
hydrogen (>30 g/L and >4 wt %, Yang et al. 2006) at ambient temperatures and nominal
pressures (less than 200 bar). This is an increase of more than 300% compared to H, storage on a
sorbent or as gas in a compressed tank at the same pressure and temperature. The HSCoE
demonstrated spillover both experimentally and by confirming agreement with thermodynamic
principles as a revolutionary new process for ambient-temperature, reversible hydrogen storage.
However, the materials tend to be very sensitive to processing conditions, the material synthesis
procedures lacked reproducibility, and the accuracy of the measurement techniques varied, all of
which can lead to substantial variations in sorption capacities. For example, although the work
performed by the HSCoE at Michigan on “bridged” framework materials has been reproduced by
international groups (Wang and Yang 2010), and the hydrogen uptake was measured by DOE’s
validation laboratory at the Southwest Research Institute, the base materials for this particular
sample are very air sensitive and thus full evaluations of these materials were difficult.
Ultimately, theoretical predictions and non-reversible hydrogenation experiments demonstrate
that capacities of close to one hydrogen atom per receptor atom (e.g., carbon) should be
achievable via spillover. This translates to a potential for excess capacities greater than 7 wt %
and 50 g/L at ambient temperatures and less than 200 bar. At the end of the HSCoE, DOE
formed an international team led by NREL to validate the measurement and synthesis methods of
spillover materials to improve reproducibility. In addition, the team is determining the specific
hydrogen-receptor interactions using spectroscopic techniques to fully understand the
mechanisms involved. This is important to understanding the significant difference between fill
and discharge rates as well as issues that limit capacities. Ultimately, the issues with slow fill
rates and lower than expected capacities may be related, and once the mechanisms are fully
understood, these issues should be addressable.

Spillover is a process that dissociates dihydrogen onto a metal catalyst, followed by migration of
hydrogen atoms onto the surface of a receptor material and subsequent diffusion away from the
catalyst site—all of which leads to significant storage of hydrogen. The concept of hydrogen
spillover has its genesis in fundamental studies with heterogeneous metal catalysts, particularly
with the type of systems used for chemical hydrogenation reactions (Connor and Falconer 1995).
Within catalytic processes, the metal has the role of "activating" hydrogen by reversibly
dissociating H, into metal-H atom (hydride) species on its surface. For example, it has been
observed that by heating Pt dispersed on carbon at 623 K, Pt/Al,O3 at 473-573 K, Pd/C at 473 K,
and Pt/WOs, under hydrogen pressure, the amount of H, absorbed exceeds the known
H,-sorption capacity of the metal alone (Sermon and Bond 1974). In these seminal reports, the
“excess quantity” of this hydrogen on the support is usually very small, amounting to only
several atoms of H for every H that's bound to the metal. Several comprehensive reviews of
hydrogen spillover in catalysis have been published (e.g., Conner and Falconer 1995). Spillover
is highly dependent on the metal catalysts, the support/receptor chemical composition, and the
synergistic interaction.

Computations by Rice, APCI, and NREL identified that it is thermodynamically possible for
hydrogen atoms to be stably stored in groups or clusters. The main step that is not well
understood is that of hydrogen atom diffusion on the receptor. These efforts demonstrated that it
is thermodynamically possible for hydrogen atoms to be stably stored in groups or clusters.
Groups of H atoms tend to form compact clusters, influenced by aromaticity rules and the
pyramidalization strain compensation, so that the lowest energy clusters consist of closed six-
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hydrogen rings. Evaluation of the Gibbs formation energy as a function of temperature and
pressure indicate that the H cluster formation has phase-nucleation dependencies, guided by
nucleus barriers and corresponding critical cluster size. One important aspect of this analysis is
that the calculated balance between the fluidic gas phase and the immobilized storage-phase
indicates that spillover can store ~7.7 wt % H and be changed in either direction by changing
pressure and temperature not too far from ambient conditions. Thus, these analyses indicate that,
thermodynamically, spillover is a reasonable option for reversible, ambient-temperature
hydrogen storage processes.

The HSCoE team was the first to identify that barriers to migration are lowered sufficiently via
structural (e.g., hopping between closely spaced surfaces) and electronic features. Collaborative
work using inelastic neutron scattering spectroscopy observed spillover hydrogen on carbon
supports. Deuterium tracer investigations demonstrated that, effectively, the spillover process is
sequential with the first hydrogen adsorbed being the last desorbed. The results are direct
evidence that (1) atomic species are formed during the spillover processes, as shown by
hydrogen-deuterium formation, and (2) the desorption follows a reverse spillover process in
which atoms migrate back onto the metal particle to recombine and desorb as molecules. In
general, the size, dispersion, and type of catalyst affect the efficiency and thus the capacity of
spillover.

Furthermore, Rice demonstrated that the thermodynamics and kinetics for the catalysts and from
the catalysts to the receptors are energetically downhill (Singh et al. 2009). Effectively then,
thermodynamic calculations show that the presence of the hydrogenated phase of graphene
makes the spillover step from metal to receptor thermodynamically favorable. Under the right
conditions, spillover from the catalysts to the receptor will occur before hydride formation, and
thus spillover is not kinetically limited by the metal-hydride properties. Ultimately, all the
thermodynamic calculations that modeled the well-known spillover phenomenon associated with
hydrogen bronzes from metal oxides (e.g., MoO3z and WQ3) and metal sulfides (e.g., ZnS and
MoS;) were validated by APCI (Mitchell et al. 2003a).

Pioneering studies by the HSCoE partners revealed a novel process to store substantial quantities
of hydrogen via hydrogen spillover (Lueking and Yang 2002; Li and Yang 2007). High
hydrogen storage capacities at near-ambient conditions were achieved and were subsequently
validated in several independent experiments (Dutta et al. 2007; Chen and Huang, 2007).
Hydrogen spillover has been investigated using many carbon-based materials such as carbon
nanofibers (Marella and Tomaselli 2006), amorphous activated carbon (Zielinski et al. 2005),
graphite (Mitchell et al. 2003b), SWNTSs (Yang et al. 2006), and MOF complexes (Li and Yang
2006). In one example, a hydrogen spillover-induced increase of hydrogen storage capacity for
activated carbon and SWNTSs by factors of 2.9 and 1.6, respectively, was reported (Lachawiec
et al. 2005). Inelastic neutron scattering spectroscopy directly identified spillover hydrogen on a
carbon support (Mitchell et al. 2003a).

For spillover (Li and Yang 2007) to occur to any significant extent in solid materials, it is
essential that the H atoms be able to move from the vicinity of catalyst particles to substrate sites
far from where the catalysts reside. Within the HSCoE, active research was performed to
understand hydrogen spillover processes. These studies point to certain elements of spillover
mechanisms that can satisfactorily explain the observed large storage capacity (as much as 4

HSCoE Final Report, Executive Summary — 31



wt.% of Hy) and facile hydrogen desorption 1.6-
kinetics from the carbon-based storage
compounds at near-ambient temperatures 3 )
(Mavrandonakis and Klopper 2008). H 1.2
B 1.0
In general, the size, dispersion, and type of 2 -
catalyst used can affect the efficiency and 2]
thus the capacity of spillover (Glugla et al. < 061
1989; Chen et al. 1991; deLeon et al. 1997). T 04
Although spillover results vary tremendously 024
with materials, processes, and treatments, a
number of techniques are available for direct e 2 & 5 v
catalyst integration. These include incipient Pressure (MPa)
wetness impregnation, other chemical Figure ES-15. RU/EMC. H, isotherms at 298 K on
processes, vapor processes, and dispersion of templated carbon (TC) and 6 wt % metal
nanocatalysts. The HSCoE optimization catalysts. All materials were H,-reduced at 300°C

except Ru/TC-T, which was thermally reduced (in
Ny) at 900°C (1 hr). Brunauer-Emmett-Teller SSAs
for each sample were (m,/g): Ru/TC-T = 2090

efforts investigated the use of different
catalyts and different porous carbons to find

the materials with the highest capacities. To (open diamonds): Ru/TC = 3004 (open circles):
date, the highest activated carbon capacities Pt/TC = 3120 (open triangles); Ni/TC = 3091 (open
have been observed with an EMC-2 zeolite squares); TC = 3839 (closed diamonds).

templated carbon (developed at Mulhouse University, France) with an initial Brunauer-Emmett-
Teller SSA of 3839 m?/g and nanoparticle Ru catalysts (see Figure ES-15, Teichner 1990). The
storage capacities depended on the catalyst material (i.e., Ru > Pt > Ni) and dispersion. The
apparent isostatic heats of adsorption (AH,qs) for the catalyst-activated carbon spillover materials
were measured to be in the range of 15 to 23 KJ/mol. Deuterium isotope tracer in conjunction
with TPD studies demonstrated that, effectively, the spillover process is sequential with the first
hydrogen adsorbed being the last desorbed or removed. The results are direct evidence that (1)
atomic species are formed during the spillover processes, as shown by the hydrogen-deuterium
formation, and (2) the desorption follows a reverse spillover process in which atoms migrate
back onto the metal particle to recombine and desorb as molecules.

To increase spillover capacities beyond those observed for activated carbons, the HSCoE
investigated several routes including the use of substituted materials, physical mixtures of
catalyst- and non-catalyst-containing materials, and “bridged” structures. Michigan demonstrated
that Pt on carbon materials combined with framework materials substantially increases spillover
capacities in excess of 4 wt % at ambient temperature (see Figure ES-16) (Wang et al. 2009;
Olson et al. 2010). Subsequent work by NREL demonstrated that spillover effects continue well
past 100 bar, so these results with the bridged IRMOF8 material indicate that spillover well in
excess of 4 wt % should be achievable if higher pressures are applied. NREL also determined
that pyrolyzed sucrose is an excellent spillover material in and of itself. These results were
validated by other groups around the world and at DOE’s validation laboratory, the Southwest
Research Institute. Although the use of the bridge material and the specific features of IRMOF8
that have not been observed to the same degree with other framework materials must be studied
and understood in greater detail, the Michigan work developed a simple and effective technique
to build spillover materials with secondary receptor materials that have substantially higher
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capacities. The bridge-building process

i 45
appears to be receptor specific, and
optimization and/or use of other receptors d = T
may yield even greater hydrogen storage - g |8
.- g |2
capacities. 3 : |z
o 2 5 |3
Work by the HSCoE identified several L é =
factors that can increase adsorption rates; § T | g
they include using higher pressures during < -
the initial loading step, integrating trace o <
amounts of gasses such as methane (Wang L=
and Yang 2008) and water, and chemically B
modifying the catalysts and/or receptors. X -
00 20 40 60 80 100 120

Ultimately, the HSCoE demonstrated that, Prakicra/MBA
depending on the capacity needed, itmay  Figure ES-16. High-pressure hydrogen isotherms at

be possible to meet the DOE 2015 refill 298 K for pure IRMOF-8 (0J), PAC and IRMOF-8
rate target of ~3 minutes by reaching only physical mixture (1:9 weight ratio) (solid diamonds),
80% to 90% of the maximum excess and for bridged sample of Pt/AC-bridges-IRMOF-8:

first adsorption (solid triangles), desorption (open

capacity. In general, desorption rates are diamonds) and second adsorption (open circles).

more than sufficient to meet DOE’s fuel
supply rates.

Overall, the HSCoE demonstrated that substantial increases in hydrogen storage capacity can be
achieved at ambient temperatures with weak chemisorption processes such as spillover. Future
work must improve adsorption rates via improved catalyst dispersion and integration and
improved receptor properties. Care must be taken to ensure that irreversible chemical reactions
with the receptor materials do not occur and that the measured hydrogen uptake is truly
representative of the amount of hydrogen that can be delivered to the fuel cell. Although a
significant amount of work is still required to develop highly reproducible and robust materials
that have the high capacities demonstrated by the HSCoE with less durable materials, the clear
indication is that weak chemisorption is a viable path for on-vehicle, refuelable hydrogen
storage.

Major Accomplishments

During its 5 years of operation, the HSCoE improved sorbent properties to the point that they
could be used to meet DOE on-vehicle hydrogen storage system targets. Specific
accomplishments are described in the following.

1. Designed and developed reversible sorbents via ambient-temperature hydrogenation/storage
techniques (e.g., weak chemisorption) that demonstrated >4 wt % storage capacities with
isosteric heats of adsorption between 10 and 30 kJ/mol.

The center pioneered the development of materials that have relatively low chemical binding of

hydrogen, potentially allowing efficient, reversible on-vehicle refueling. This class of materials

enables hydrogen storage system designs with more than 75% of the volumetric and gravimetric
capacities of the materials and substantially reduces system costs and complexity. Hydrogen
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spillover has been observed on numerous materials for decades. However, previous to the
HSCoE, spillover was observed only at the ~0.01 wt % level. The HSCoE demonstrated much
higher capacities experimentally and developed a substantially improved thermodynamic and
kinetic understanding of the processes involved, in which the models were validated with known
spillover materials, e.g., “hydrogen bronze.” The main issues researchers probed included
improving capacities, stability, and charging (refueling) rates.

Calculations indicate that 7%—8 wt % (50-60 g/L) capacities at ambient temperature are
possible. Hydrogenation experiments have demonstrated 7.5 wt % on carbon samples, albeit
these specific results used chemical processes rather than spillover to hydrogenate the carbon.
First-principle calculations indicate that spillover is thermodynamically viable, with binding in
agreement with observed measurements. Improved understanding of spillover kinetics is needed
to enable materials to be designed with higher capacities and sorption rates that can meet DOE
2015 targets.

In general, weak chemisorption-based hydrogen storage may be able to meet DOE targets if
Kinetics and stability issues can be appropriately balanced with the thermodynamics needed to
create the optimal isosteric heats of adsorption (i.e., 10 to 30 kJ/mol). The kinetics and
thermodynamics depend on the functional groups and/or electronic properties on the surface of
the receptor materials, which must be appropriately adjusted to be stable over repeated reversible
hydrogen loading/discharge cycles. Charging rates, pressures, and receptor-materials
compositions can all be adjusted to achieve the desired hydrogen storage properties. Although
additional development and optimization work needs to be done, the principles of high-capacity,
weak chemisorption-based hydrogen storage have been demonstrated, and the higher storage
capacities measured to date have been validated in separate synthesis and measurement
laboratories. However, reproducibility and stability remain major issues.

2. Developed new materials that increased the gravimetric (~50%, from ~5 to >7 wt % at 77 K)
and volumetric (~150%, from ~15 to >35 g/L at 77 K) hydrogen storage capacities by
physisorption onto high-SSA sorbents by optimizing pore sizes (0.7 to 1.5 nm) to increase SSA
and packing density.

The HSCoE partners synthesized new high-SSA physisorption materials with optimized uniform
pore sizes using a variety of scalable/inexpensive processes including aerogels, pyrolyzed
carbons, templated carbons, and MOFs. These optimized pore-structured sorbents can be used to
construct hydrogen storage systems that meet DOE 2015 delivered capacity targets of 5.5 wt %
and 40 g/L if appropriate storage temperatures (i.e., 50 to 80 K) and pressures (i.e., 10 to

100 bar) are used. The decreased pressures (compared to high-pressure, 350—700-bar storage
systems) that are enabled by relatively inexpensive carbon-based sorbents could substantially
reduce tank and balance-of-plant costs.

3. Discovered and demonstrated coordinated, unsaturated metal centers as a new class of
hydrogen storage materials that could meet DOE’s targets. Several material systems were
demonstrated, and specific synthetic paths based on known materials were identified.

This class of materials includes systems that use low-cost elements/materials that have the
potential to meet DOE’s ultimate capacity targets with uniform isosteric heats of adsorption
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ranging from 15 to 30 kJ/mol for almost the entire capacity. Thus, this class of materials offers
the potential to far exceed capacity and energy efficiency capabilities of any other on-vehicle
refueling material-based and/or high-pressure storage system.

The HSCoE explored strong multiple binding to great effect. The center discovered and
championed an entirely new class of viable materials that uses lightweight (e.g., 3d electron,
alkali, and alkali earth metals) metal centers to enhance H; isosteric heats of adsorption and
enable multiple H, binding on each metal site. The pioneering work done by HSCoE partners
spurred substantial R&D efforts and resulted in hundreds of publications. To meet DOE targets,
the HSCoE team leveraged known materials to develop and optimize routes to stabilize multiple
hydrogen molecules on a metal atom that exhibit moderate H, binding energies. Individual
transition-metal atoms have been experimentally observed to adsorb 1-7 H, molecules with
appropriate binding energies, and the theoretical predictions are in quantitative agreement with
all known experimental results involving 3d metals. The key has been and continues to be stably
coordinating the metal atoms so that the H, molecules can reversibly adsorb/desorb in a
hydrogen storage system.

4. Designed and developed substitutional materials with enhanced dihydrogen binding energy
to increase capacities at near-ambient temperatures, on a per-SSA basis.

By substituting one element into that of another single-element structure, materials with
enhanced hydrogen isosteric heats of adsorption (e.g, ~11 kJ/mol for B-substituted carbon,
compared to ~5 kJ/mol for pure carbon) can be created to increase storage capacities at near-
ambient (e.g., ~200 K) temperatures. Thus, substituted materials have the potential to meet
DOE’s 2015 hydrogen storage system capacity targets. Increasing storage temperatures to near
ambient helps decrease system costs by reducing the costs of insulation, tanks, and balance

of plant.

HSCOoE researchers created high-SSA, B-C material using several different scalable and
inexpensive methods. In complete agreement with theoretical calculations, the HSCoE found that
these substituted materials required the B to be electronically frustrated with the correct
coordination in the carbon lattice (i.e., sp® coordination) to increase H, binding (e.g., ~11 kJ/mol)
and capacities at temperatures approaching ambient. Neutron spectroscopy data showed, for the
first time, a large rotational splitting indicative of enhanced H, interactions in a B-substituted
carbon. DRIFTS measurements showed reversible hydrogen interaction with the B-C material.
Future efforts must focus on increasing simultaneously both the boron concentration and SSAs
of these substituted materials.

5. Developed uniqgue measurement capabilities to accurately and reliably characterize
hydrogen storage properties of laboratory-scale (1-100 mg) samples to enhance high
throughput and rapid screening analysis (isotherms, SSA, pore size distribution, isosteric
heats of adsorption, TPD, and NMR).

Accurately measuring hydrogen storage properties has been a major problem in the community
for decades. This has been due partly to having only small quantities of the most novel
laboratory-scale materials to characterize. The center’s investment in developing protocols and
measurements capable of providing accurate results from small amounts of sample have
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substantially enhanced throughput by eliminating the need to develop larger-scale synthetic
methods or repeating synthesis processes numerous times to make enough material.

6. Confirmed that standard physisorption-based dihydrogen adsorption scales with SSA. To
date, no validated experimental evidence exists that any substantial capacity enhancement
occurs as a result of geometric configurations.

At the outset of the HSCoE’s activities, numerous publications had reported extraordinary results
for high-SSA materials in which the enhanced capacities were potentially a result of novel
geometries or structures within the material. In general, heats of adsorption can be increased with
multiple-wall interactions, but this ultimately reduces capacities. The center did not validate any
single-element material or any materials with unexceptional electronic states that have
substantially higher hydrogen storage capacities beyond what is expected based on the SSA and
specific storage conditions. For example, at one time carbon nanotubes where thought to
possibly have unique hydrogen storage properties, but after a dedicated focused effort, the
HSCoE made a No-Go decision on using carbon nanotubes as an ambient-temperature hydrogen
storage material (DOE 2006). The emphasis here is that even though the heats of adsorption can
be increased, the overall capacity cannot be significantly increased based on geometrical
structures alone. Ultimately, if appropriately arrayed, carbon nanotubes may still provide
excellent hydrogen storage at cyrogenic temperatures.

7. Performed hundreds of systematic investigations, after which the ultimate conclusion for
dozens of specific materials and/or processes was that they should not be investigated further
for vehicular hydrogen storage applications.

By identifying paths, processes, and/or materials that should no longer be investigated, the
HSCoE provided DOE and the hydrogen storage community with valuable information that can
be used to better define and identify future efforts.

Recommendations

Review of Go/No-Go Decisions

As mentioned previously, the HSCoE’s focused development efforts identified a substantial
number of materials/material classes that should not be investigated further based on a number of
considerations, including detailed selection criteria developed specifically for sorption materials.
Based on the nature of the HSCoE’s development of hydrogen storage mechanisms (rather than
specific materials), the exact number of materials down-selected is difficult to identify. Through
these efforts, the HSCoE was able to quickly pinpoint the few selected material classes and their
required properties and focus on them for present and future development. For example,
regardless of the specific elements used, a pure physisorption material needs to have a SSA of
more than 2000 to 3000 m%/g (depending on storage temperature used). This requirement alone
eliminates hundreds of elements and materials that are just too heavy to be able to meet it if a
solely physisorption-based hydrogen storage mechanism is used. Thus, the HSCoE eliminated
most alumina-silica-based zeolites from further consideration basically from the outset.

Furthermore, through calculations and a limited number of specific experimental investigations,
it became clear that only correctly coordinated boron substituted in graphitic carbon is a viable
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route to improved hydrogen storage for substituted carbon materials, and thus the use of other
lightweight elements received little or no additional investigations. In terms of carbon materials,
this eliminated the need to perform experimental investigations on hundreds of potential
element/process combinations for this material class. Similarly and from the outset, the HSCoE
continually evaluated different sorbents to identify the material classes and their corresponding
properties that should receive focused development based on their potential ability to be able to
meet DOE hydrogen storage targets.

In FY 2009, the HSCoE formally evaluated the status of sorbents that could meet DOE hydrogen
storage targets and wrote a report for the the DOE EERE Fuel Cell Technologies Program. This
HSCoE project deliverable, the Hydrogen Sorption Center of Excellence (HSCoE) Materials
Go/No-Go Recommendation Document, is available on the DOE website (HSCoE 2009). It
provides an overview of the work performed by the HSCoE through November 2009; specific
recommendations to DOE for materials development efforts that should, and should not, be
continued; and a list of key research priorities remaining to be resolved. The center identified
clear development paths for constructing sorbent materials that have the potential to meet DOE’s
revised 2015 and ultimate full-fleet targets (DOE 2009) for light-duty vehicles. The center
recommended that development efforts for specific materials/classes be continued where viable
routes existed for synthesizing sorbents that could be used to meet DOE’s targets.

Recommendations for Continued R&D

Because this sorbents go/no-go recommendation was made within the last year, a substantial
amount of the recommendations remains pertinent, feeding directly into the recommendations
that follow here. At this point in time, which is the formal completion of the HSCoE’s research, a
specific set of recommendations are as follows:

Overall recommendation: The HSCoE recommends that development efforts for specific
material classes be continued where viable routes exist for synthesizing sorbents that can be
used to meet the appropriate set of targets. The specific selection criteria for future efforts
should focus on the DOE 2015 and the ultimate full-fleet hydrogen storage targets. The focus
has been, and should remain, on capacity, kinetics, thermodynamics, and costs. The HSCoE
recommends these focus areas because the majority of the other DOE 2015 and ultimate
targets for sorbents will be more of a systems-engineering issue than an intrinsic material
property issue.

Even when hydrogen binding energies are substantially increased to enable near-ambient-
temperature storage, these binding energies (typically 10 to 25 kJ/mol) and the associated
entropies of hydrogen should not be an issue. They are low enough that the relatively small
amount of heat generated during refueling should be easily removed with the typical sorption
material’s intrinsic thermal conductivity properties and/or appropriately designed integration of
thermal conductivity materials in condensed “pelletized” materials. In addition, because most
sorbent materials will likely operate at moderate pressures (i.e., 10 to 100 bar), delivery rates and
system pressures should not be significant issues.

In general, a range of temperatures and pressures can be used as long as the materials and
systems can be constructed to meet the DOE targets. However, the closer to ambient conditions
the system operates, the less expensive the system costs. This must be traded against overall
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system performance, which includes the potential need for added heat removal. This need for
balance leads to four specific recommendations related to materials, system, and classes.

1. Develop materials for hydrogen storage by weak chemisorption. Ambient-temperature
storage via catalytic hydrogen dissociation and transfer to high-SSA receptor materials (e.g.,
spillover) demonstrates 10 to 30 kJ/mol reversible hydrogen binding energies, which enable
ambient-temperature storage. Furthermore, because the binding energies for spillover are much
lower than for typical metal or chemical hydrides, thermal management issues for heat removal
during refueling and delivery rate issues should be moderate, and thus should not significantly
impact the overall storage system. Thus, the center recommends that spillover or equivalent
materials continue to be developed for hydrogen storage.

Although some of the processes involved have been demonstrated experimentally and by
thermodynamic principles, additional development is needed to further understand and improve
atomic hydrogen transport on the receptor material (for uptake/refill and discharge kinetics) and
to improve the performance reproducibility and effectiveness of the synthetic processes. Once
these issues are addressed, initial analyses indicate that because spillover enables ambient-
temperature storage, systems with more than 75% of the material capacities can be achieved
using basic pressurized (~100 bar) tanks.

Initial analysis indicates that excess material storage capacities of more than 7 wt % should be
possible with spillover. In addition, because spillover should be applicable to materials with
more than 1 g/ml bulk density, storage systems with more than 50 g/L and more than 5.5 wt %
capacities should be achievable at ambient temperature and ~100 bar. Thus, with inexpensive,
carbon-based materials and the development of inexpensive, highly dispersed catalysts (e.g.,
nanoparticle Ni), spillover materials should be usable in systems that meet DOE’s 2015 targets.

2. Develop materials for multiple-dihydrogen storage on designed sites. Although substantial
efforts will be needed to form the novel structures, development of multiple-dihydrogen
adsorption on designed sites should be continued because the resulting structures could meet
DOE ultimate targets—making it one of the few solutions identified with this potential.

Multiple-dihydrogen adsorption on designed sites provides a reasonable path toward meeting
DOE’s ultimate full-fleet targets (DOE 2009), with the provision that this may require substantial
development efforts. Several inexpensive material systems have been predicted that may be used
to meet these targets at near-ambient temperature. One prediction includes the use of inexpensive
Ca with inexpensive carbon supports to form materials that may be able to store hydrogen at
ambient temperature with twice the gravimetric and volumetric densities of liquid hydrogen.
Such a structure, if it is possible to synthesize and stabilize, would be a tremendous
breakthrough. Meeting DOE’s ultimate targets will enable hydrogen to become a viable energy
carrier for transportation and other important renewable energy applications.

3. Develop substituted/heterogeneous materials with demonstrated hydrogen binding energies
in the range of 10-25 kJ/mol. The center recommends that researchers develop
substituted/heterogeneous materials that can be used to enhance dihydrogen isosteric heats of
adsorption in the range of 10-25 kJ/mol. These materials will enable near-ambient-temperature
(150-250 K) hydrogen storage. Development efforts should focus on creating materials with the
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appropriate chemical and electronic structures, sufficient composition, and high SSAs. These
materials could potentially decrease system hardware costs and constraints and may be used to
meet DOE’s 2015 hydrogen storage system targets (40 g Ho/L; 5.5 wt %).

For single-element materials such as carbon, only a few elements (e.g., boron substituted in sp
coordination) substantially enhance dihydrogen binding. However, other heterogeneous systems
(e.g., certain MOFs) have demonstrated enhanced dihydrogen binding. In general, the principle
is well established; the main issues include access and creating enough high-binding-energy sites
to substantially increase capacities. In addition, these heterogeneous materials also demonstrate
substantial stabilization of single metal centers and other absorbed species that improve
hydrogen storage.

4. Limit development of materials in which the storage mechanism is physisorption to only
those with optimized structures. The center recommends that present and future development be
performed only on a select set of materials in which the primary storage mechanism is
physisorption. To meet the DOE 2015 targets, the only physisorption materials that should be
considered for development are those that can have SSAs greater than ~3,000 m?/g, optimized
uniform pore sizes in the range of ~0.7 to ~1.5 nm, and excess material hydrogen storage
capacities greater than 50 g/L and 7 wt % at cryogenic temperatures (~80-200 K) and moderate
pressures (less than 100 bar).

e Although it may be possible to meet the DOE 2015 system targets with high-SSA
materials, isosteric heats of adsorption between 10 and 25 kJ/mol will be required to
increase storage temperatures to greater than 200 K to significantly improve system
capacity and/or costs. Furthermore, near-ambient temperatures will probably be required
to meet DOE’s ultimate full-fleet storage targets (DOE 2009). Such targets can be met in
a number of ways, including developing specific heterogeneous materials, coordinated
but unsaturated metal centers, and weak hydrogenation processes such as spillover.

With currently demonstrated bulk-material packing densities and hydrogen storage properties,
sorbents will substantially decrease the volume and pressure now used for high-pressure (350 to
700 bar) compressed tanks, and thus could significantly reduce overall system costs. Future
selection criteria should focus further on identifying materials that can be used to meet DOE’s
ultimate targets. In addition to the specific performance issues for each material class discussed
previously, developing material synthetic processes and pathways that are scalable, inexpensive,
and reproducible—and producing materials that can meet the DOE system cost targets—remains
a challenge that must be pursued aggressively in all cases.

Again, in general, the main issues for sorbents are the relatively low dihydrogen binding
energies, which directly affect storage temperature. This adversely impacts system costs,
volumetric capacity, and available gravimetric capacity. Thus, the main focus of future applied
development efforts must be on enhancing and/or optimizing hydrogen binding energies. This
focus will require balancing improved hydrogen storage system costs and capacities with perhaps
adversely affected material-contamination sensitivity, durability, refill rates, and materials’ cost
issues.
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Suggestions for New Materials Systems To Be Investigated

As discussed above and in more detail in the full report, the HSCoE identified several material
classes that include numerous material systems with the potential to meet DOE 2015 and even
ultimate hydrogen storage targets and therefore should be investigated further. The main
emphasis for developing new sorbents should be placed on performing systematic investigations
with model systems within the material classes recommended for further development in the
preceding pages. For example, within the multiple-dihydrogen adsorption class of materials, the
Ca-graphene and equivalent systems have been identified as having very good storage capacities
and viable synthetic routes. Thus, the HSCoE suggests that future efforts focus on developing
sorbents that use the unique properties of coordinated Ca atoms. Similar examples of material
systems exist within all the material classes recommended for further investigation. Thus, the
main focus for sorbents should be on developing new material systems within the
substituted/heterogeneous, multiple-dihydrogen adsorption site, and weak chemisorption
material classes.

Identification of Remaining Issues for Recommended Systems

Each material system and material class has individual and unique challenges that cannot be
adequately summarized here (but are discussed in the body of the full report). However, sorbents
as a whole have common issues that must be adequately addressed. These include the need to:

1. Develop robust, reproducible, and scalable synthetic methods that create materials in which
all adsorption sites are accessible to the hydrogen. Whether for high-SSA physisorption
materials, weak-chemisorption spillover materials, or other sorption materials, the main issue has
been and remains development of improved synthetic methods to create the materials that have
been designed for optimum hydrogen storage. Although substantial progress has been made,
clear improvements are needed with synthetic processes to form the requisite materials that can
be used reproducibly and be scaled up for commercial manufacturing.

2. Improve computational methods to more accurately predict the ability to synthesize
designed materials and hydrogen storage capacity as a function of temperature and pressure.
In general, HSCoE theorists and experimentalists worked very closely together to design
materials that have good hydrogen storage properties and that can be synthesized. However, to
advance these efforts further will require that each step and precursor in a process be accurately
modeled (as compared to just the end state) so that viable routes to designed materials can be
quickly identified computationally before the experiments are performed.

In addition, presently there are no good computational platforms that accurately predict a
material capacity as a function of pressure and temperature. Models based on grand canonical
Monte Carlo simulation use non-first-principle and/or empirical force fields that require
calibration and thus tend to lack the required accuracy for predicting capacities.

3. Develop a better understanding of atomic hydrogen transport on receptor materials.
Clearly, the main issue with weak chemisorption is a fundamental lack of understanding of how
hydrogen atoms diffuse along the receptor materials. Eliminating this deficiency is critical to
ultimately predicting the full potential of and designing optimized spillover materials.
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4. Develop a better understanding of metal center coordination and its effect on hydrogen
adsorption. Although a rudimentary first-principles understanding exists, a more robust and
predictive set of computational tools is needed to enable designing coordinated metal centers that
are more stable to environmental contaminants and other degradation mechanisms (i.e., cluster
formation), while at the same time are optimized for storing the maximum number of hydrogen
molecules.

5. Develop materials in concert with designs for hydrogen storage systems. Development
efforts should continue on optimizing the materials needed for specific storage systems. Based
on the successes achieved since the center's inception, researchers have created sorbents that
have the potential to meet DOE’s revised 2010 targets, assuming that storage systems are
optimized for the material being used. If sorbents are to be used to meet DOE’s 2015 and
ultimate targets, it will be even more imperative that storage systems be optimized for the new
sorbent materials with higher binding energies and other substantially different but critical
performance characteristics. For example, compared to compressed (350 to 700 bar) or cryo-
compressed hydrogen storage technologies, which have demonstrated material packing densities
and storage properties, the main benefits of sorption materials include substantial (twofold)
reductions in volume, reductions in pressure (~20-fold), and a fourfold or more increase in
storage temperature. All of these benefits substantially improve system costs, resonance times for
boil-off, and resolution of engineering-design issues. However, capacity and other performance
characteristics must be balanced against system costs and overall well-to-tank and in-tank
efficiencies.

6. Develop sorbent material measurements standards and certifications. In conjunction with
DOE’s Recommended Best Practices for the Characterization of Storage Properties of Hydrogen
Storage Materials (DOE 2008), specific standards, mechanisms for measurement qualifications,
and certifications need to be developed with regard to hydrogen storage capacity and some
material property measurements. As with standards, qualifications, and certificates that are
available for measuring SSAs in highly porous materials, a similar set needs to be developed to
ensure that hydrogen storage capacities, isosteric heats of adsorption, and even sub-nanometer
pore size distributions are being measured accurately and calculated and reported uniformly.

The cornerstone of materials development is the accurate determination of material properties
and performance. For decades, claims of spectacular results that ultimately turned out to be
erroneous have plagued the gas-storage community, resulting in loss of valuable time and
resources. As interest in hydrogen storage ramps up, the number of publications and results—and
the desire to publish/report outstanding results quickly— increases commensurately. This rush to
publish results that push the envelope is often at odds with performing detailed measurements
that ensure that all of the hydrogen storage metrics being published are rigorously validated. In
addition, presently there are no national or international established standards, procedures, or
certifications that provide independent qualification of measurement systems and procedures.
Thus, the HSCoE recommends that planning and implementation of useful standards and
certifications be performed to help the community accelerate materials development and to
minimize wasting limited resources on efforts that ultimately serve only to resolve poor
measurements.
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Identification of Systems Recommended for No Further Investigation

The HSCoE assembled a complete list of materials and processes recommended for no further
R&D (HSCoE 2009). Because sorbent materials are arranged more by a specific mechanism than
by a system, down-selections can occur only with a given material/process. Thus, in general,
future sorbent development should follow the recommendations above and minimize repeating
work that has already been done. Again, only a select few elements and materials used in
sorbents will be able to meet DOE hydrogen storage system targets. The key is arranging those
elements and materials for optimal hydrogen storage. Thus, future development should eliminate
any materials that cannot be used to meet DOE’s 2015 targets. For sorbents, specifically,
capacity and cost targets must be addressed fully. This indicates that certain high-SSA materials,
including many of the MOFs, with good gravimetric capacities but poor bulk densities cannot
meet DOE volumetric capacity targets even using crystal densities; these should be eliminated
from further investigation. This will free up resources to focus on MOFs and other materials that
are more stable with higher bulk densities and thus higher volumetric capacities—and minimize
wasting efforts developing inappropriate materials.

Recommended Storage Options and Material Systems for Early
Market Applications

In general, DOE has not defined criteria for early market hydrogen storage applications and the
HSCoE did not develop sorbents optimized for any application except light-duty vehicles. With
that said, in general sorbents provide unique engineering solutions that will be of benefit to many
early market applications. For example, optimized high-SSA materials in slightly modified
compressed and cryo-compressed tanks will provide substantial improvements compared to
present storage systems for forklifts, buses, and other high-use, short-term storage transportation
and portable power applications. The main benefits of sorbents—ease of engineering and
enhanced volumetric capacities compared to high-pressure hydrogen—make them ideal for
reducing the volume and increasing the capacity of storage systems for buses and forklifts.

Lessons Learned from the Center Approach

The HSCoE approach opened up collaborations in ways that could not have been attained with
any other format. Central to this is the knowledge that the complexity of the problems
encountered required skills and talents of multidisciplinary investigators. Efforts based on
material classes enabled focus-area experts to work closely together to solve difficult problems.
Further, the synthesis of optimized materials required integration of complementary approaches,
including joint synthesis, measurement, and structural-characterization facilities, that enabled
comprehensive capabilities for all partners. Beyond this, such collaborative work enabled unified
support for wider (non-center) research efforts. Such collaborations accelerate R&D efforts by
months or even years. The center joined partners together in a precompetitive environment.
Similarly, it established research directions based on broad expertise and capabilities. This in
turn enabled rapid/flexible response to new development. Also important, this team approach
enabled fast validation of results.

From an institutional standpoint, consistent funding spanning 5 or more years encourages the
focus on the longer-term efforts that are needed to solve complex and difficult problems. Given
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this span, it becomes incumbent upon participants to make sure that the R&D momentum is
retained in detailed knowledge, which assures that past funding is not wasted. The core
knowledge gained should be retained within government systems to enable work with all
stakeholders and partners throughout the world. The HSCoE’s focus on on-board refueling was
the most challenging approach possible, but it was clearly needed, because otherwise a migration
to easier goals (e.g., off-board regeneration and higher-pressure storage) would have been too
tempting.

Lessons Applicable to All R&D Efforts

The joint non-disclosure agreement and direct interaction between partners was absolutely
essential to success. For efficient use of resources, feasibility analyses should be performed for
materials-development selection, materials deliverables for the DOE Hydrogen Storage
Engineering Center, and for scale-up. In general, cost analyses should be an integral part of the
decision process for all future efforts. Materials design via modeling is an effective tool that
should be incorporated in all materials- and process-development activities.

Furthermore, high-throughput combinatorial methods should be incorporated for materials
optimization. However, because not all materials discovered can benefit from combinatorial
methods, this should not be a requirement for all future materials-development efforts. In
general, durability (and thus reactivity) studies should be part of any materials-development
effort for materials selected as “promising” and being considered for engineering evaluations.
For the engineering center to develop systems that can meet the DOE 2015 targets, continued
new materials (and thus material scale-up) must be integrated into the effort. Thus, materials-
synthesis groups must work closely with the engineering center to ensure efficient use of limited
resources in this type of activity. Based on this provision, material quantities and qualities may
need to be adjusted based on delivery and testing requirements. Markets that can support the
initial high cost of new storage systems should be included as part of DOE’s overall plan. As
such, those involved in materials-development efforts should take these other potential
applications into consideration in their development plans.

Summary of Accomplishments

The HSCoE seamlessly integrated diverse, multidisciplinary expertise and sorbent development
efforts. Prior to the HSCoE, state-of-the-art H, sorbents were exemplified by commercial
activated high-SSA carbon (AX-21, now sold as MSC-30). These H, sorbents had ~5 wt % and
15 g/L storage capacities at 77 K and ~30 bar. In addition, there was substantial uncertainty and
controversy about the measurement and capacity reproducibility of many sorbents. Specific
HSCoE accomplishments include:

1. Developed and demonstrated hundreds of sorbents with as much as 300% improvement
in hydrogen storage capacities, some of which may be used to meet DOE hydrogen
storage targets.

a. Cryogenic Storage: Developed new materials that increased the gravimetric (~60%,
from ~5 to >8.5 wt % at 77 K) and volumetric (~150%, from ~15 to >35 g/L at 77 K)
hydrogen storage capacities by physisorption onto high-SSA sorbents by optimizing
pore sizes (0.7 to 1.5 nm) to increase SSA and packing density.
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I. Duke, NREL, UNC, and Caltech worked together to synthesize and characterize
pyrolyzed PEEK materials with controlled pore sizes of 0.7 to 1.5 nm.
Ii. Michigan’s MOF-177 publication (Wong-Foy et al. 2006) has been cited
~750 times.
iii. TAMU?’s porous coordination network (PCN) material was shown to store
>8.5 wt % excess H; storage at 77 K.

b. Toward Ambient-Temperature Storage: Through close collaboration between theorists
and experimentalists, systematically searched through potential lightweight materials
and determined that, without using metals, appropriately coordinated boron substituted
in carbon is one of the very few viable methods to increase H; binding in a
heterogeneous high-SSA material. The HSCoE championed this new approach,
developing BCy substitutional materials that achieved the theoretically predicted
~11 kJ/mol H; binding, and on a per-SSA basis, had >2 times the H, storage capacities
compared to typical activated carbons, even at near-ambient temperatures. The HSCoE
partners collaborated closely to synthesize and characterize these BCx materials. The
HSCoE also developed a new class of materials that is predicted to have high capacities
(i.e., potentially >10 wt % and 100 g/L at ambient temperature) by creating sorption
sites that store multiple (i.e., 2 to 8) H, molecules with binding energies between 10
and 30 kJ/mol. If the predictions can be demonstrated with fundamental experimental
investigations, then the materials could have more than twice the H, storage densities of
liquid Hy, but at ambient temperature.

i. The seminal paper in this area was published by HSCoE partners, has been cited
more than 200 times, and spurred R&D resulting in hundreds of new publications.
ii. Substantial fundamental discovery and systematic development efforts are needed.

c. Ambient-Temperature Storage: The center pioneered the design and development of
reversible sorbents via ambient-temperature spillover (e.g., weak chemisorption) that
demonstrated 1 to 4 wt % storage capacities (more than two orders of magnitude gain
compared to previous materials, i.e., ~0.01 wt %) with isosteric heats of adsorption
between 10 and 30 kJ/mol.

2. Six Nature and Science publications with more than 3000 citations and 17 scientific
journal cover articles.

3. More than 200 publications in peer-reviewed journals, with more than 50 co-authored by
multiple U.S. and international institutions. These publications include three book
chapters and a reference book.

4. More than 40 hydrogen storage material patents (12 issued) or applications submitted by
HSCoE partners.

5. Two small businesses start-ups associated with HSCoE partners involving
nanomaterials (i.e., CNT, Inc., and Unidym) and the scaled production of frameworks
(e.g., BASF) that can be used as hydrogen storage materials.

6. Worked with world-class investigators around the world, including three Nobel
Laureates.

7. Major awards including a President’s Young Investigator Award, American Physics
Society Fellow Appointment, Academy of Engineers Appointment, Neutron Scattering
Society of America Science Prize, Neutron Scattering Society of America Fellow
Appointment, Endowed Academic Chairs, Discover Magazine R&D 100, Materials
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Research Society Medal, Department of Commerce Silver Medal, AAAS Newcomb
Cleveland Prize, Top 10 Green-Tech Breakthroughs of 2008, and multiple DOE awards for
scientific excellence.

8. Mentored more than 50 postdocs, and approximately 40 Ph.D. and 5 M.S. candidates.
More than 10 accepted tenure-track academic appointments and 10 accepted scientist
positions at national laboratories.

9. More than 800 conference presentations, proceedings, and published reports.

10. Accelerated hydrogen storage material development around the world by organizing more
than a dozen technical conference sessions on hydrogen storage, an entire Materials
Research Society Conference, and more than 20 national and international workshops on
hydrogen sorption.

11. Performed hundreds of systematic investigations, after which the ultimate conclusion for
most of the specific materials and/or processes was that they should not be investigated
further for vehicular hydrogen storage applications. For example, elements with molecular
weights that exceed ~16 grams per mole (g/mol) probably cannot be used to meet DOE
2015 storage targets at temperatures greater than ~80 K with physisorption. Furthermore, if
stronger H; bonding is produced, then elements with molecular weights higher than
~32 g/mol will require multiple H, adsorption per sorbent atom to be able to meet DOE
targets. In addition, nearly all the atoms must be accessible to the hydrogen to have
sufficient capacities. These simple criteria virtually eliminate many typical sorbents such as
zeolites.

12. Developed unique measurement capabilities to accurately and reliably characterize
hydrogen storage properties of laboratory-scale (1-100 mg) samples to enhance high
throughput and rapid screening analysis (isotherms, SSA, pore size distribution, isosteric
heats of adsorption, temperature-programmed desorption, Raman and Fourier transform
infrared spectroscopies, neutron scattering, and nuclear magnetic resonance).

The HSCoE’s close interactions enabled substantially more development to occur more quickly
than could have ever been done as independent projects. The synthesis, predictive theory, and
materials directly address the issues of on-vehicle hydrogen storage and have uses in most of
today’s major high-technology applications including carbon capture, CO, sequestration,
batteries, energy storage, semiconductor electronics, composites, drilling fluids, inks, drug
delivery, transparent conductors, photovoltaics, purification, biomass catalysts, fuel cell
catalysts, and energy generation.

Conclusions

At the inception of the HSCoE, the required hydrogen storage performance criteria and a number
of other factors were used to quickly identify potential development materials and sorption
mechanisms that could be used to meet DOE targets. Thus, from the outset, the center quickly
eliminated entire classes of materials and processes that received no further development effort.
Instead, the center focused activities on developing novel, scalable synthetic processes to form
high-SSA, lightweight materials with optimum pore structures and compositions that had the
potential to be used to meet DOE’s 2015 and even DOE’s ultimate full-fleet, on-vehicle
refueling system targets (DOE 2009). The HSCoE focused exclusively on solving the very
difficult challenges of developing materials only for on-vehicle refueling and storage. Based on
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the intrinsic low isosteric heats of adsorption associated with sorbents, system capacity and costs
are typically the main issues that must be resolved, and thus the center focused most of its efforts
on improving these factors.

To accelerate development to the maximum, the HSCoE quickly identified focused efforts and
directed specific partners and capabilities toward solving the most challenging problems. These
focused development efforts included optimizing structures, substitution/heterogeneous
materials, strong/multiple H; binding, weak chemisorption, and cross-cutting theory. Also,
substantial efforts were performed in improving sorbent measurements to provide accurate
characterization of the most important properties needed for developing materials. These
measurement development efforts included improving accuracies to accelerate development so
that laboratory-scale samples could be quickly characterized without the need for scaling up.

The HSCoE’s organization, evaluation processes, and accelerated development efforts were used
to continually identify promising new materials/processes as well as sorbents that did not make
the cut and received no additional development. For example, at the outset of the HSCoE, a great
deal of literature reported that materials such as carbon nanotubes and pyrolized conducting
polymers could provide high-capacity, ambient-temperature hydrogen storage based on their
unique structures. Thus, the HSCoE initially established significant activities to reproduce the
results and resolve the exact capabilities of these different materials. The center determined that
even though isosteric heats of adsorption may be increased, no significant gravimetric capacity
improvements can be attained simply by improved geometrical structures for physisorption-
based hydrogen storage beyond that expected based on material properties such as SSA. This
was a critical finding for the center that led to no-go decisions on carbon nanotubes (DOE 2006)
and conducting polymers for ambient-temperature hydrogen storage.

Ultimately, measurement calibration and control is at the heart of many of the erroneous results
reported in the literature. For sorbents, the relatively light, low-density materials used, as well as
the relatively low binding with hydrogen, can easily lead to inaccurate measurements. Thus, the
center identified measurement standards, qualification, and certification as potential efforts that
should be supported in the future. Measurement issues aside, the HSCoE did develop novel
sorbents with improved capacities that can be used to meet DOE 2010 hydrogen storage system
targets. Furthermore, the HSCoE developed and identified materials that may be able to be used
to meet DOE 2015 and ultimate targets. In general, physisorption-based sorbents will need lower
temperatures to meet DOE 2015 targets, and thus overall hydrogen energy efficiencies, system
and hydrogen costs, and dormancy times must be balanced against capacities to engineer an
appropriate system.

The HSCoE identified that increasing the isosteric heat of adsorption of sorbents for hydrogen,
beyond that typically observed for physisorption, lowers system engineering constraints and
costs. Thus, the HSCoE identified that properly structured heterogeneous materials such as
boron-substituted carbon can substantially increase hydrogen storage capacities at near-ambient
temperatures (i.e., ~220 K). The main issue here is developing materials with enough accessible
sorption sites that the overall capacities at near-ambient temperatures can meet DOE targets.
However, heterogeneous materials also help improve other sorbents including stabilizing
coordinated metals and weak chemisorption. To increase heats of adsorption beyond what
substituted/heterogeneous materials can do, the center identified coordinated but electronically
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unsaturated metals and weak chemisorption of hydrogen as two viable mechanisms that enable
ambient-temperature hydrogen storage.

The center championed the development of weak chemisorption (spillover) for large-capacity,
ambient-temperature hydrogen storage. The center developed several new materials and catalyst
processes that improved capacity and charging rates. An improved understanding of surface
functionalization, catalyst size, and dispersion enhanced the sorption processes involved. The
center also began investigating the barriers to migration based on structural and electronic
features to provide development paths to create high-capacity, high-rate, hydrogen storage
spillover materials that meet DOE targets. These factors, along with decreasing processing times,
increasing scalability, and improved kinetic performance, accelerated the materials-development
activities, enabling the HSCoE to identify viable paths forward to create weak-chemisorption
materials that have the potential to be used to meet DOE 2015 hydrogen storage system targets.

The successful marriage of theory and experiment was most evident in the HSCoE’s design of
feasible materials based on multiple hydrogen storage per sorption site. From the center’s outset,
the ability to synthesize, the stability, and the DOE targets were selection criteria for the design
of new materials. This along with interesting results reported in the literature led to the HSCoE
championing the development of extremely novel sorbents. Such sorbents directly address the
volumetric issues associated with ambient-temperature storage with high-SSA materials, while
maintaining most of the advantages of sorbents to create materials that can meet even DOE’s
ultimate targets. For example, the HSCoE identified new inexpensive materials that use unique
properties of Ca with highly viable synthetic routes. These revolutionary new materials could
reversibly store hydrogen at twice the volumetric capacities (i.e., >100 g/L and >10 wt %) of
liquid hydrogen, but at ambient temperature (i.e., ~300 K higher).

Sorbent materials, which will be refilled on the vehicle, enable the potential for substantially
higher refueling efficiencies (and thus lower costs), because storage-material transport and
regeneration will not be needed. Thus, the center believes that the on-vehicle refueling capability
of sorbent materials is a tremendous advantage that should be exploited for hydrogen storage.
However, to fully leverage this advantage, it is imperative that discovery and development
efforts focus on reducing material and system costs. This cost reduction can be achieved by
improving material storage capacities at near-ambient temperatures. Furthermore, any future
efforts must also investigate the material properties related to hydrogen storage systems so that
thermal conductivity, heat dissipation, refill and discharge rates, durability, and other
engineering issues can be quantified fully.
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Preface

The U.S. Department of Energy’s Hydrogen Sorption Center of Excellence (HSCoE) was
formed in 2005 as a 5-year project to develop hydrogen-storage materials primarily for
light-duty vehicle applications. The HSCoE was competitively selected under the “Grand
Challenge” for Basic and Applied Research in Hydrogen Storage (solicitation number
DE-PS36-03G093013) and led by the National Renewable Energy Laboratory. The
center comprised partners from U.S. national laboratories, universities, and industry. The
HSCoE concluded operations in September 2010 as per its planned schedule.

This report documents the HSCoE’s organizational structure and research findings. It also

contains the HSCoE’s recommendations for classes of sorption materials that merit
further research and development for light-duty vehicle applications.
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and depletion, respectively. The contour interval is 0.003 and the cutoffs are

+0.08 /A%, (c) Linear 4p(x), for B and Be along the x axis shown in (a) and

(b), respectively. The positions of the H, and B (Be) are indicated. ..............ccoeeuvnee. 74
Figure 2-10. Modeled amorphous carbon with pore sizes of 1-2 nm (a), and H,
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binding after substitution with boron at different sites (b-d). Black, green, and

yellow balls are carbon, boron, and hydrogen atoms............ccccecveveviiericceseese e, 75
Figure 2-11. Calculations show that the increased amount of B substituted in
carbon supports increases the stabilization of Ti atoms............cccceeviveviiiiiieieccen, 76

Figure 2-12. Schematic of bottom-up preparation of heteroatom-substituted

synthetic graphenes by a solution-phase process. The all-carbon synthetic

graphenes were prepared in the same manner, but with deletion of the boron-,

phosphorous- and nitrogen-containing PreCUISOIS. .......ccveiveieerieseesieereseesreeeesseeneenns 83
Figure 2-13. Example of a B-substituted structure (Schwartzite) with heptagonal

carbon rings, negative Gaussian curvature, and small pore size that enhances

hydrogen binding (blue is carbon, red is boron, and green is hydrogen)..................... 84
Figure 2-14. Examples of metal-based materials designed by the HSCoE that

maintain optimum hydrogen binding energies (shaded area) throughout their

entire Hy CaPaCIty FANQE .......eeivieieiie ettt ae et re e e are s 85
Figure 2-15. (Left) Simulated model for Mn-based MOF systems. Four H,

molecules are adsorbed on the four Mn centers. (Right) Electron density plot

of an anti-bonding state between the H, o and Mn dz2 orbitals. These

calculations quantitively agree with experimentally measured binding energies

and indicate that splitting and occupation of the spin orbitals reduces the

01370 13 TSSOSO OP 89
Figure 2-16. Structure of (a) a Met-Car dimer and (b) corresponding tetrahedral

e ol O T ot V1 | ST 90
Figure 2-17. A Cp polymer decorated by Mn atoms (orange). Each Mn binds

three Hy MOIECUIES (WHILE)........ccvieiecc et 90
Figure 2-18. Design of a co-intercalated-graphite compound, in which Li and

THF are the co-intercalation SPECIES........ccvcviiieii i 93
Figure 2-19. H, storage in Li-intercalated BCy graphite...........ccocevviiiiiiiiiiiiccen, 93
Figure 2-20. Binding energy vs. capacity. Hydrogen binding energy versus

loading in intercalated graphite with and without B doping........cccccceeeviveiviievnenienne 94
Figure 2-21. Concept for synthesizing transition metal-decorated aerogel supports......... 95

Figure 2-22. Mechanism for Kubas coordination. The shading (green) represents

charge density. Donation and back donation are denoted in blue and red,

TESPECTIVEIY. .ttt bbbttt 97
Figure 2-23. Conceptual diagram of hydrogen spillover processes. Reversible RT

hydrogen storage on metal-doped carbon materials via a “spillover”

mechanism involves a series of steps: (a) molecular H; dissociates on the

metal catalyst particles; (b) atomic H migrates to the receptor; and (c) atomic

H diffuses across the receptor SUMfACES. ........ccvevveiieiiiic e 99
Figure 2-24. Average binding energy of the chemically absorbed hydrogen atom

blocks (size of 2, 6, 24, « of hydrogen atoms) on graphene, compared to the

cohesive energy of the free hydrogen molecule, Hy .......ccoooviiiiiiiciiiii e 101
Figure 2-25. a) Left: Schematics of spillover process in real space. The inequality

shows the range of chemical potential ., favorable for spillover. Right:

model of spillover in energy space displays the relative energy (chemical

potential) of H in different states. The gray, dark-red, and blue lines show the

4, in fully hydrogenated graphene (CH), in metal hydride, and in the H;
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molecule, respectively. The pink and dark red blocks show the range of
energies of H at the catalyst and at the Pd(111) surface with the H coverage
varying from 0.25 to 1 mL. The family of thin dark blue lines corresponds to
the energies of H bound to graphene. b) The optimized structure of NisH2, (n
=210 10). The plot of incremental energy Ejner VS. number of H atoms. The
gray line shows the H binding energy in the fully hydrogenated phase. The
Einer Crosses this line after the 6™ H, molecule, indicating the thermodynamic

ONSEL OF SPIHIOVET . ... 102
Figure 2-26. Weak C-H bonds formed through sp+d rehybridization ...............ccc......... 103
Figure 2-27. Schematic illustration of binding energy vs. hydrogen coverage in

nanosorbents and the requirement for binding energy tuning ..........c.ccocoevviiieienen, 103

Figure 2-28. Initial calculations at NREL identified that, compared to migration

along a surface, hopping between closely spaced surfaces substantially lowers

the barrier for hydrogen diffusion............ccccoi i, 106
Figure 2-29. TPD result from 6 wt % Pt on templated carbon (3400 m%/g) after

dosing with 0.4 atm H, followed by D, at 298 K for 5 min (followed by

quench, gas phase removal, and TPD) ..ot 113
Figure 2-30. Rates of adsorption (a), and desorption (b) at different pressures

using P/AX-21 samples (T = 298 K) ....cooiiiiiiiiiiiiseseeeee e 114
Figure 2-31. Atomic structure and charge contour of small boron-nitride

0] L= oI T | [ OSSR 116
Figure 2-32. Bonding framework in a TigCy2 Met-Car molecule............ccccceeevvveivennnne. 118

Figure 2-33. Energy of H binding to pure Cg (black curve) and Ca-encapsulated

Cso (blue curve). When metal atoms are encapsulated, the charge transfer from

the metal to the cage decreases and then increases again as H coverage

increases, as shown by the insets, where the charge density is contributed by

the four electrons just below the Fermi level. ... 119
Figure 3-1. Excess H, gravimetric uptake isotherms (x 0.1 % error) of a pyrolized

PEEK material measured at NREL and Caltech. The agreement of the data

from two different laboratories is exceptional, providing very good evidence

of the outstanding hydrogen-storage properties of this sorbent. (A) Shows a

full pressure range (0-150 bar) and (B) focuses on the lower-pressure region

(0-50 bar). The estimated error of the excess H, gravimetric uptakes for the

data from CalteCh IS £ 0.190....cc.oiiiiiiiiciciee e 133
Figure 3-2. The H; isosteric enthalpy of adsorption for ACF10, ACF20, and

CNS201 as a function of excess adsorption. Inset: the isosteric heat is plotted

as a function of the fractional amount of adsorption (excess adsorption divided

by the saturation adsorption amount at 77 K).........ccccoeeviiiieiiiiecic e 135
Figure 3-3. (Upper) 77 and 87 K isotherms of KC,4 (K intercalated graphite) with

a blowup of the low-pressure regime in the inset. (Lower) Plot of the isosteric

enthalpy of adsorption demonstrating nearly constant sorption enthalpy values

WD 1OAAING. .o et e e e e be e s e e re e 136
Figure 3-4. Representative thermal gravimetric analysis data for LiBH,

incorporated into various CA scaffolds showing the influence of pore size and

carbon nanotubes on the dehydrogenation reaction. The black curve is LiBH,4

mixed with nonporous graphite. The weight losses indicate dehydrogenation
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and scale with LIBHz 10adiNG. ......c.oooviiiiiiic et 141
Figure 3-5. Schematic of TAMU’s PCN-12 and 12’ materials. Small adjustments

enable metal centers to be more open and accessible for hydrogen storage.............. 148
Figure 3-6. Isotherms of PCN materials made by TAMU. Note that the data

labeled PCN-69 in this graph actually correlate to PCN-68. The data

were measured by Dailly and coworkers at General MOtOrS. ..........c.ccceevvevveieinnnnen. 149
Figure 3-7. Schematic of one of ANL/UC’s porous polymers in which the
conductive backbone has been incorporated with different elements ...................... 152

Figure 3-8. (a)—(d): The calculated local density of states (LDOS) for B (Be) in
CssB(Be)-H,. The LDOS for B (Be) are solid lines, whereas the LDOS for H,
are open circles. (e) and (f): The square changes of the carbon states caused by
H, sorption, namely o*=[JLDOS(carbon)]? between the non-bonding and

DONAING STALES.....c.vieeieciee ettt nre e enes 157
Figure 3-9. Example of a B-precursor synthesis route using
poly(diethynylphenylborane) chloride for preparing porous BCx materials.............. 158

Figure 3-10. Solid-state *'B MAS-NMR spectra of BC, materials prepared from
pyrolysis of a B-precursor (with LiCl salts) at (a) 600°C (run A-1), (b) 800°C

(run A-2), (c) 1100°C (run A-3), and (d) 1500°C (run A-5). ...ccccceviieiveieieereeene 160
Figure 3-11. TE images of (top) BC11 (run A-1) and (bottom) BCy4 (run A-6)............. 161
Figure 3-12. Schematics of BCy materials: (left) top view and (right) side view............ 162

Figure 3-13. SEM images of BC« materials obtained after pyrolysis of B-
precursors (with LiCl) at (a) 600°C (run A-1) and (b) 1800°C (run A-6), and

(c) B-precursor (without LiCl) @t 600°C..........ccooviiiiiiinieieieee e 163
Figure 3-14. SEM image of BCy3 materials (run A-1)......ccccoveveiiieiieieiieceece e 163
Figure 3-15. Pore size distribution of (a) BCy3 (run A-1), (b) BCy3 (run A-2), (c)

BCu3 (run B-1), and (d) BC17 (FUN B=2) ....oueveeeeeereeeeereeeseeeeeeeeses s sesis s 164
Figure 3-16. X-ray diffraction patterns of LiCl salts in B-precursor after pyrolysis

at various temperatures: (a) 150°C, (b) 400°C, (c) 450°C, and (d) 600°C................. 165
Figure 3-17. Hydrogen adsorption vs. H; pressure for two porous (BCg and BC,)

materials at (a) 77 and (D) 293 K .....voiiieee e 166

Figure 3-18. *H NMR of boron-substituted graphitic carbon exposed to H, gas at

295 K and 10 MPa. The thick continuous line is the spectrum, and the dashed

lines are the three components used to fit the spectrum: (A) H, in capillary,

(B) H; in large voids, (C) H; in nanopores. Inset: SEM image of sample

GEANUIE. ... bbbttt bbbt 167
Figure 3-19. RT isotherms based on the intensities of lines (A), (B), and (C) in

Figure 3-18. The inset shows the isotherms of the two components of peak C,

identified by T; measurements. C1 is associated with the long-T; component,

and C2 is associated with the short-T; component. The lines are fits with

LangmuUIr ISOTEIMS. .....viiiiiee e 168
Figure 3-20. TEM images of CM-Tec parent material (left) and BCy deposited

onto CM-Tec (right). Red arrow in right figure denotes the turbostratic

overlayer of depoSIted BCy. ....ocuoiviiiiiiiiiiieie s 169
Figure 3-21. High-surface-area, porous BC6 material produced by direct pyrolysis
Of triethylboron at 900°C ........ccveiiiiiiieeeee e 170

Figure 3-22. Sieverts capacity at 77 K and 2 bar, and TPD capacity, as a function
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of nitrogen BET surface area for a variety of BCx-templated activated

carbons. CM-Tec is the parent activated carbon material for all samples................. 170
Figure 3-23. Representative example of hydrogen temperature-programmed

desorption for a templated BC sorbent. The hydrogen desorption from

templated BCx materials with higher B concentration is much slower than

from materials With 18SS B ......cc.ooviiiiiiiiiiiiee e 171
Figure 3-24. B and C XPS of templated BCx materials............cccccooiiiriniiniiiieee, 172
Figure 3-25. (a) Static and magic angle spinning (MAS) **C NMR spectra of BCs

powder. (b) Static and MAS B NMR spectra of BCs powWder. .........c.ccccovvrvenen. 173
Figure 3-26. Diagrams of boron-containing precursors used to form porous boron-

substituted carbon MALErTalS..........cccveiiiieiiee e 174

Figure 3-27. Representative example of hydrogen adsorption (solids) and
desorption (open) excess gravimetric isotherms of porous BCy sorbents.
Because this material SSAs of only 600 to 800 m%/g, the maximum excess
hydrogen adsorption of ~2.3 wt % at 77 K is much higher than what is

typically observed for pure carbon sorbents (i.e., 1.2 t0 1.6 Wt %). .........cccceverveneen. 178
Figure 3-28. Representative example of the hydrogen isosteric heat of adsorption
for a porous templated BCy SOTDENt.........ccveiiiiiiiieie e 179

Figure 3-29. INS measurement of the intensity of hydrogen remaining on the
sample as a function of temperature. The data show that the B-containing

samples hold hydrogen to a greater extent at temperatures below ~65 K. ................ 180
Figure 3-30. Isotherm comparison of volumetric hydrogen storage capacities of

laser-produced and arc-produced C-SWNTs and B-SWNTS .........ccccvvvvverivenesiennnnns 181
Figure 3-31. EELS spectrum for boron-doped SWNTSs prepared by laser

vaporization; laser target contained 11% NiB catalyst.........ccccccoeevivivviinniienieniininnn 182

Figure 3-32. Neutron spectra for arc-produced C-SWNTs (open symbols) and B-

SWNTs (filled symbols). A mass fraction of 0.1% is equivalentto a 1 H,:B

atomic ratio of the B-SWNT samples. Right panel displays the different

] 0T - TSP 182
Figure 3-33. Comparison of neutron spectra for laser-produced C-SWNT (open

symbols) and B-SWNTs (filled symbols). Data are labeled for H,:B atomic

ratios of the B-SWNT samples with the equivalence of 0.2% mass fraction

being equivalent to 1 H,. Right panel displays the different spectra between

0.5 H:Band 1 Hy:Band 1 Hy:B and 2 HaiB. ... 183
Figure 3-34. Elemental mapping of C, B, N, and P in substituted graphene
SErUCTUIES USING EELS. ......ooiiii ettt 185

Figure 3-35. SSA measurements from nitrogen BET at 77 K vs. hydrogen uptake

at 77 K and 2 bar. The data for all-carbon and substituted synthetic graphenes

are indicated by the different colored symbols, as shown in the legend. The

solid lines with the matching colors are the linear fits and extrapolations

obtained from the SaMPIe data. ...........ccceiieeiiiie i 186
Figure 3-36. Simulated model for Mn-based MOF systems. Four deuterium (D)

molecules are adsorbed on the four Mn centers. Light blue spheres represent

D, centroids, and the orange spheres show the position of a partially occupied,

extra framework Mn?* ion site. Sites are labeled I to IV in order of the

0bServed adSOrPLION SITES. ......iiiiiiiie ettt e e 191
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Figure 3-37. Diagrams of the Fe, Mn, and Cu MOF materials made by the
University of California at Berkeley that were used by NIST to measure the
hydrogen interactions with the metal centers. NIST performed INS that
identified that the H, adsorption strength was strongest for Fe®* > Mn** >
Cu?*, which correlates to the metal-H, distance: Fe** < Mn** < Cu** (i.e., 2.17
<2.27 < 2.47 A, respectively). However, this does not correlate to the metal
ionic radius (i.e., Mn®* > Fe** >Cu®"). NIST also found that the Fe** site
catalyzes hydrogen conversion to para-H, (completely at low loading,
partially at high 10ading). .........ccooiiiiii e 192

Figure 3-38. D, Adsorption Sites in MOF-74 at a loading of 4.2 D,:Zn. (a)
Suppositions of Fourier difference map together with the crystal structure of
MOF-74 projected down the c-axis. The red-yellow regions indicate the high
scattering regions of the first two adsorption sites. (b) The four D, adsorption
sites identified by neutron powder diffraction (labeled 1-4, spheres of green
and light blue). (c) The first three D, adsorption sites are shown with the first

site directly interacting with the Zn?* ions (blue balls) at a distance of 2.6 A............ 193
Figure 3-39. Different INS spectra of p-H, loaded HKUST-1 and the bare

substrate measured on FANS. The displayed spectra result from p-H,

scattering only, and peaks of significant intensity are labeled as either

rotations (Rot) or a combination of rotation and transition (Trans). Ratios of p-

H, to copper are 0.26 (blue circles, adsorption at Cu site only) and 1.1 (green

circles, adsorption at Cu site and SECON SITE). ........cooerereririieieie e 194
Figure 3-40. The synthesis and open metal site alignment (top), hydrogen uptake

(bottom, left), and heat of adsorption (bottom, right) of the two MOF

polymorphs: PCN-12 and PCN-12".........cccooiiiieie e 196
Figure 3-41. Solid-state *C NMR spectra of the fullerene compounds in which

Ceo interacts with Li, F&, SC, CO, aNU Cr..eeeeveeeeeeeeeeie ettt 200
Figure 3-42. HRTEM and EDX analysis of the Fe(Cgp) compound...........ccccceevrereennnne. 201
Figure 3-43. XRD pattern of the Fe(Cgp) COMPOUNd .........coovveiiiiiiiiceiecce e 202
Figure 3-44. Cartoon representation of Fe(Cgo) Chains............cccocvivvviiiiiiiiiiiiicc 202
Figure 3-45. Raman spectra of pure Cgo, KsCso, and all of the metal fullerene

products (Li, Co, Cr, SC, @NA FE) ....oceviieiiiie e 203

Figure 3-46. Hydrogen TPD spectra of the metal fullernene complexes in which

Ceo is interacting with Cr, Sc, Fe, or Co. The samples were degassed to 130°C

and exposed to hydrogen at RT and 500 torr for ~5 min..........cccceceevveveeveiie e 204
Figure 3-47. TPD spectra revealing that the hydrogen-adsorption capacity of the

Li(Cso) complex (excess Li metal present) is more than two orders of

magnitude greater than that of the Sc, Co, Cr, and Fe complexes. ..........cccccevvvennenne. 205
Figure 3-48. Solid-state *C NMR spectra of Li;»Cgo (top) and Li(Cgo) (excess Li
metal present, DOTEOM). .......coiiiiiie e 206

Figure 3-49. Representative TPD spectra for hydrogenated SWNT (Na-SWNT,
blue) and Pt-AC/SWNT (Pt/Na-SWNT, red) samples. The addition of a Pt-AC
catalyst material lowered desorption temperature by nearly 75°C and enabled
reversible RT H; loading of the material. The Pt-AC/SWNT mixture was first
degassed to 300°C and then exposed to ~500 torr of H, gas at RT. ........cccccevveneenne. 208
Figure 3-50. FTIR spectrum of a reduced SWNT material (left) and theoretical
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representation of C-H bonds on a nanotube surface (right) ..........cccoocevvnieiiniennee 209

Figure 3-51. XRD spectrum of Li-THF co-intercalation in graphite.............ccccccevvennne. 210
Figure 3-52. TPD for Li-BCs (black), BC¢ (red), and Li on AC (blue). Samples
were degassed to 300°C prior to a 500-torr, RT Hj dOSE. ...cecvvvveeiieecieieeie e, 212

Figure 3-53. XPS of C 1s spectra for CM-Tec AC (black), BCs on CM-Tec AC
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1.0 Introduction/Background

1.1 Mission and Scope

The U.S. Department of Energy (DOE) Hydrogen Sorption Center of Excellence
(HSCoE) was formed in 2005 to develop materials for hydrogen storage systems to be
used in light-duty vehicles. The HSCoE and two related centers of excellence were
created as follow-on activities to the DOE Office of Energy Efficiency and Renewable
Energy’s (EERE) Hydrogen Storage Grand Challenge Solicitation issued in fiscal year
(FY) 2003.

For transportation applications, sorbents offer tremendous advantages compared to
existing hydrogen storage systems; i.e., high pressure (350 to 700 bar) or liquid
hydrogen. Sorbents allow fast on-vehicle hydrogen fill-up and discharge rates, nominal
thermal management requirements during refueling, ease of engineering, the ability to
provide required pressures, and favorable system energy efficiencies. The last benefit
affects hydrogen and storage costs, a vital consideration in designing storage systems. In
addition, use of sorbents may significantly reduce the volume and weight of storage
systems compared to 350- and 700-bar high-pressure tanks. An added benefit of this
development, beyond the primary focus of vehicular applications, is that sorbents may
also be used in other hydrogen storage applications such as stationary power generation,
portable power, backup power, and niche, early-market vehicles.

When the HSCoE was established, there were a number of challenges for sorbents. One
revolved around the relatively low binding energies with hydrogen, and thus the need to
use cryogenic temperatures (e.g., 77 K, =193°C, liquid nitrogen temperature at 1 bar). In
addition, the HSCoE had to work through the wide range of irreproducible values
reported for sorbents. This involved developing reproducible measurement calibrations
and procedures that are adaptable to different characterization laboratories, as well as
developing a sound understanding of the hydrogen sorption processes involved and their
ultimate limitations or boundaries. The HSCoE’s critical goals included the following
hydrogen storage system targets: net available capacity of 45 g/L and 6 wt % and system
cost of $133/kg H; (dihydrogen).

However, in FY 2009, DOE revised the hydrogen storage system targets for light-duty
vehicles, some of which are shown in Table 1-1 (DOE 2009). In light of this change, all
DOE targets discussed in the remainder of this document will reference the revised DOE
hydrogen storage system targets. The targets for the HSCoE are nominally reflected by
the 2015 DOE hydrogen storage targets shown in Table 1-1. To ensure that the
development activities were performed as efficiently as possible, the HSCoE formed
complementary, focused development clusters based on the following four sorption-based
hydrogen storage mechanisms:

1. Physisorption on high-specific-surface-area (SSA) and nominally single-element

materials
2. Enhanced H; binding in substituted/heterogeneous materials
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3. Strong and/or multiple H; interactions from coordinated, but electronically

unsaturated, metal centers

4. Weak chemisorption/spillover.

Table 1-1. Revised (in 2009) Selected High-Level DOE Hydrogen Storage System Targets

for Light-Duty Vehicles*

Target 2010 2015 Ultimate Full
Fleet

System Gravimetric Density 4.5 5.5 7.5

(% wt) (1.5 kWh/kg) (1.8 kWh/kg) (2.5 kwh/kg)
System Volumetric Density 28 40 70

(g/L) (0.9 kWh/L) (1.3 kwhiL) (2.3 kwWhiL)
System Fill Time for 5-kg fill, 4.2 min 3.3 min 2.5 min
min (fueling rate, kg/min) (1.2 kg/min) (1.5 kg/min) (2.0 kg/min)

*http://wwwl.eere.energy.gov/hydrogenandfuelcells/storage/pdfs/targets onboard hydro storage explanation.pdf

The HSCoE worked toward the goal of developing high-capacity sorbents that could be
operated at temperatures and pressures approaching ambient and be charged efficiently
and quickly in the tank with minimal energy requirements and minimal penalties to the
hydrogen fuel infrastructure. The work was directed at overcoming barriers to achieving
DOE system goals and identifying pathways to meet the hydrogen storage system targets.

Specifically, the HSCoE:

Developed high-SSA sorbents with optimal hydrogen (H) binding energies with
the focus on increasing binding to ~25 kJ/mol H; for room-temperature (RT)
operation. This enables:

o High-capacity systems that operate at modest pressures (e.g., less than
100 bar) and below fuel-cell operating temperatures (<70°C)

o Meeting both gravimetric and volumetric targets simultaneously with
rapid kinetics

o Efficient and rapid on-board refueling with minimal energy requirements.

Rapidly correlated capacity, structural, and energetic information to reduce time
between discovery, assessment, and down-selection of materials.

Integrated experiment and theory seamlessly in both “feedback” (explanation) and
“feed-forward” (discovery) modes.

Devised facile synthetic routes using low-cost approaches.

Created a nimble and flexible, yet structured, teaming environment to accelerate
discovery, evaluation, and selection of promising development directions.

Organized partners in focused groups to optimize development and avoid
duplication of effort, with seamless integration of experiment/theory.

Used quantitative down-select criteria prior to beginning R&D and at go/no-go
points.
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The HSCoE developed novel high-SSA hydrogen-storage materials for advanced fuel cell
technologies. The HSCoE’s development efforts comprised 17 active projects at 22
institutions. HSCoE partners conducted a wide range of applied research and engineering
studies on available sorbent materials and developed design principles and synthetic
methods for next-generation materials that may be used to meet the critical DOE system
hydrogen storage targets. The technical barriers addressed by these projects from the
Hydrogen, Fuel Cells and Infrastructure Technologies Program Multi-Year Research,
Development and Demonstration Plan (DOE 2009) include the following.

General:
(A) System Weight and Volume
(B) System Cost
(C) Efficiency
(D) Durability/Operability
(E) Charging/Discharging Rates
(J) Thermal Management

Reversible On-Board:
(P) Lack of Understanding of Hydrogen Physisorption and Chemisorption
(Q) Reproducibility of Performance.

The HSCoE developed sorption materials for hydrogen storage systems. As shown in
Table 1-2 the HSCoE focused on addressing the higher-risk targets for sorbents that are
associated with capacity and costs. These include:

o Cost: $4/kWh net

e Specific energy: 1.8 kWh/kg

e Energy density: 1.3 kWh/L

e Charging/discharging rate: 3.3 min.
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Table 1-2. Status of Sorption Materials’ Ability to Meet DOE Storage System Targets

Storage Parameter Units 2010 2015 Ultimate
. . a kWh/kg 1.8
System Net Gravimetric (kg Ha/kg system) l (0.055) l
System Volumetric Capacity:
Usable energy density from H, kWh/L l 1.3 l
(net useful energy/max system (kg H/L system) (0.040)
volume)
*
Storage System Cost b $(/$If/\l/(\ghl_r|1 G;t * (§7) -
c 2
(& fuel cost) $/gge at pump 2-3 2-3
Durability/Operability
e Operating ambient temperature oC
¢ Min/max delivery temperature °C
e Cycle life (1/4 tank to full) © Cycles
e Cycle life variation f % of mean (min) at % confidence
¢ Min delivery pressure from storage
system; FC= fuel cell, ICE= Alm (@bs) 4FCI35ICE  SFCI3SICE | 3FCI3SICE
internal combustion engine
o Max delivery pressure from storage Atm (abs) 100 100 100
system®
Charging/discharging Rates min - - 2.5 min
« System fill time (for 5-kg H>) (kg H/min) (2.0 kg/min)
o Minimum full flow rate
« Start time to full flow (20°C) " (9’2’ kw
« Start time to full flow (-20°C) " <
¢ Transient response 10%-90%
and 90% -0% s 0.75 0.75 0.75
Fuel Purity (H, from storage) % H, 99.99 (dry basis)

Environmental Health & Safety

e Permeation & leakage k
o Toxicity
e Safety

|
e Loss of usable H,

Standard cubic centimeters per
hour

(9/h)/kg H, stored

Meets or exceeds applicable
standards

o 0.05 0.05

See Appendix B for table notes..

M: Yellow: medium risk, medium probability to meet.

1.2 Partners

From the outset, HSCoE partners were chosen to provide the specific expertise and
capabilities necessary to develop materials that could fulfill DOE requirements. The
National Renewable Energy Laboratory (NREL) led the HSCoE, with partners at other
U.S. national laboratories and universities, and at Air Products and Chemicals, Inc., a
corporate partner. The NREL team included HSCoE Director Lin Simpson, Anne Dillon,
Philip Parilla, Thomas Gennett, Yufeng Zhao, Jeff Blackburn, and Chaiwat Engtrakul, as
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well as Michael Heben (who subsequently went to University of Toledo), and Shengbai
Zhang (now at Rensselaer Polytechnic Institute).

Under NREL's coordination, a center was established that included development
activities at more than 20 renowned institutions throughout the United States and direct
collaborations with institutions around the world (see Figure 1-1).

Steering

Gommittee

ﬂ CalTech .
U. Chicago Metal-organic frameworks, Rice
Polymer design measurements Nanoengineered space, theory
Penn State " NREL Argonne
B-C-N materials ater m‘“&m“_ eor ot i’-r' 'mmll m“"h'ﬁ"'- Polymers
U. Missouri NIST Oak Ridge
Nanoporous carbons Neutrons Carbon nanohorns
\ Ir
U. North Garolina . Livermore
Nuclear ¢ U. Michigan
magnetic resonance Spillover and Agrogels
o metal-organic frameworks -
Duke Texas A&M
Nanoporous materials - Air Products __|  Metal-organic frameworks
Materials, measurement,
theary, engineering
o
[J university  [] Industry [C] Federal Lab

Figure 1-1. Overview of the HSCoE Partners. UCLA/Michigan and Penn State left the center
at the end of Phase I. Also, Rice, NREL, and Air Products formed the Steering Committee
during Phase I.

The HSCoE partners are described below:

¢ National Renewable Energy Laboratory (NREL): NREL’s role was to lead the
HSCoE and to develop reversible sorbents for hydrogen storage focused on light-duty
vehicle applications. This included developing the science base and technology
advances required to meet DOE storage goals by investigating a range of hydrogen
sorption materials. NREL performed R&D within the HSCoE on a variety of
nanostructured and high-SSA materials, which included carbon, metals, oxides,
and/or other lightweight elements. NREL’s H; storage material goals involved
providing DOE with viable solutions with the potential to meet even the ultimate
technical targets. Meeting DOE’s ultimate technical targets will likely require the
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development of revolutionary materials. NREL’s research was targeted at addressing
key technical barriers:

o Weight and volume: System capacities approach material capacities as the
tank operation moves toward ambient temperatures and pressures with
materials that have optimum binding energies. In general, sorbents already
meet the vast majority of DOE hydrogen storage targets and have minimal
heat transport requirements. NREL’s development efforts focused on the
remaining targets—cost and capacity. Because volumetric and gravimetric
capacities are closely linked in sorbents, the approach centered on:

= Increasing material density (i.e., >0.7 g/mL) to decrease size
= Increasing SSA and optimizing pore sizes to decrease tank
weight/size.

o Optimization of binding energies to increase capacities and operating
temperature. This included

= Developing the highest-efficiency storage system by optimizing
sorbent materials that operate reversibly on board with a hydrogen
binding energy in the range of 15-20 kJ/mol (for RT operation).

= Decreasing heat-transfer requirements to increase on-board
refueling times.

= Ensuring that sorption materials would typically meet DOE
refueling and delivery rate targets.

= Closing the gap between the idealized sorption materials that have
been predicted and the synthesis of actual materials using low-cost
source materials and synthesis processes such that cost target will
be achieved.

o Cost: The goal was to develop sorption materials using inexpensive
materials and processes. Typical high-SSA, lightweight materials (e.g.,
activated carbon) are commercially manufactured in bulk at ~$1/kg with
carbon costs being only a small fraction. Thus, material costs for a system
could be ~$15/kg-H; (assume 7 wt %).

Air Products and Chemicals Inc. (APCI): Alan Cooper and Guido Pez (retired) led
the team. APCI enabled and executed discovery of materials with “practical heats” of
hydrogen absorption. These practical heats are hydrogen adsorption enthalpy ranges
that allow for the charging and discharging of hydrogen storage materials at near-
ambient temperatures and reasonable hydrogen pressures (i.e., 3-100 bar). APCI also
performed computational work to design materials with enhanced heats of adsorption
and to understand reversible hydrogen spillover processes using metal oxides and
carbon-based materials. Materials that were predicted to have exceptional heats of
adsorption include lithium-intercalated single-walled carbon nanotubes (SWNTS),
fluoride graphite intercalation complexes (theoretical heat of adsorption ~8-20
kJ/mol H,), and boron-substituted carbons (experimental isosteric heat of adsorption
~11-12 kJ/mol H,). Once well-characterized samples of the potential hydrogen
storage materials were synthesized, accurate measurement techniques, such as
ACPT’s unique differential pressure adsorption method, were employed to obtain
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hydrogen isotherms and heats of adsorption. Advanced techniques such as correction
for helium adsorption effects on H, isotherms were employed as necessary.

e Argonne National Laboratory (ANL): Di-Jia Liu, University of Chicago, and
Yuping Lu led the ANL team, which addressed combined volumetric and gravimetric
challenges by exploring a new class of hydrogen adsorbent—nanostructured porous
organic polymers (POPs). ANL collaborated with the University of Chicago
researchers who constructed the POPs. In general, POPs have excellent thermal
stability and tolerance to gas contaminants such as moisture. They also have low
skeleton density and high intrinsic porosity via covalent bonds, which makes them
capable of maintaining SSA during high-pressure pelletizing for better volumetric
density. The team’s approach focused on improving hydrogen uptake capacity and the
heat of adsorption by enhancing SSA, porosity control, and framework-adsorbate
interactions through rational design and synthesis at the molecular level. The design
principles aimed at improving the following attributes of the polymers: (1) high SSA
to provide sufficient interface with Hy; (2) narrow pore diameter to enhance van der
Waals (vdW) interactions in the confined space; and (3) “metallic” features, either
through m-conjugation or metal doping, to promote electronic orbital interactions with
hydrogen. Since joining the HSCoE in the summer of 2007, the ANL team prepared
more than 60 samples of POP materials in three different polymeric categories. In
addition to polymer design and synthesis, the team also conducted various
characterization studies on POP surface properties, hydrogen uptake capacity,
isosteric heat of adsorption, and hydrogen-POP interaction. This work was done
independently and through collaboration with HSCoE partners. The team also
conducted ab initio and density functional theory (DFT) calculations to compare with
the experimental results for a better understanding of the hydrogen-polymer
interaction on the surface or inside of confined space.

e California Institute of Technology (Caltech): Channing Ahn led the Caltech team,
which focused its efforts on determining the behavior of unmodified carbons and the
optimal microporous size distributions necessary for maximizing volumetric
densities. High-SSA-based physisorbents are a class of materials that are closer to
engineering viability for high gravimetric density reversible on-board storage
applications, than other on-board reversible candidate materials, provided that
cryogenic storage is acceptable. Further optimization of this class of materials was
necessary to increase volumetric densities. This optimization required promoting
narrow pore distribution in these materials, and modifications to the surface to
increase the sorption enthalpy.

e Duke University: Led by Jie Liu, the Duke team initially synthesized and purified
gram quantities of SWNTSs with well-controlled small diameters via chemical vapor
deposition methods. Once no significant improvement in sorption properties could be
observed, the project was redirected in 2008 to developing low-cost and scalable
synthesis of microporous carbon materials with well-controlled pore sizes that would
be suitable for hydrogen storage. The Duke team studied several approaches,
including the use of different zeolites as a template, the use of organic micelle
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structures as a template, and the slow oxidation of polymer precursors. Among them,
the slow activation of polyetheretherketone (PEEK) under a carbon dioxide (CO,)
environment or water vapor produced microporous carbon with an average pore size
<2 nm. Initial testing at 77 K by both NREL and the Caltech team showed that these
materials can store ~5.1 wt % (~35 g/L with a measure bulk density at ~0.7 g/L)
hydrogen at 40 bar and 77 K. The high density of the materials makes them a good
choice for high-volumetric storage capacity.

e Lawrence Livermore National Laboratory (LLNL): Ted Baumann led the LLNL
team, which concentrated on the design and synthesis of new nanostructured carbon
aerogels (CAs) that could meet the DOE 2010 targets for on-board vehicle hydrogen
storage. CAs are a unique class of porous materials that possess a number of desirable
structural features for the storage of hydrogen, including high SSAs (>3000 m?/g),
continuous and tunable porosities, and variable densities. CAs are also promising
candidates for porous scaffolds for metal hybrids based on their large pore volumes
and the tunable porosity. In addition, the synthesis of CAs allows for the dispersion of
secondary materials into the carbon matrix that can serve as catalysts or destabilizing
agents for the metal hydride and potentially influence the transport properties of the
scaffold.

e National Institute of Standards and Technology (NIST): Dan Neumann and Craig
Brown led this team. As background, the successful application of neutron-scattering
techniques to hydrogen research has a history spanning almost 50 years. NIST
performed state-of-the-art, neutron-scattering measurements to probe the amount,
location, bonding states, dynamics, and morphological aspects of hydrogen storage
materials. They measured the HSCoE-developed materials that showed the most
promise of meeting the 2010 DOE goals. NIST performed this role within both the
HSCoE and the Metal Hydride Center of Excellence (MHCoE), another DOE center.

e Oak Ridge National Laboratory (ORNL): Dave Geohegan and Alexander A.
Puretzky led the ORNL team, which worked on synthesis, processing, and tuning of
single-walled carbon nanohorn (SWNH) structures for effective hydrogen storage to
meet the DOE 2010 targets. SWNHs are single-walled, closed-shell carbon structures
that form ball-shaped agglomerates (50-100 nm in diameter) that are excellent
supports for metal catalyst nanoparticles. ORNL developed a high-temperature,
tunable pulse-width laser vaporization technique to synthesize SWNHSs with variable
morphology at ~20 g/h rates. In situ diagnostics including high-speed videography of
the synthesis process, fast pyrometry of the graphite target, and differential mobility
analysis monitoring of particle size distributions are applied to understand growth
times and provide in situ process control of SWNH morphology. ORNL demonstrated
that the morphology of the SWNHs (i.e., the shape and size of the individual units as
well as interstitial pore size) can be changed by varying synthesis conditions.
Therefore, synthesis and processing of metal-decorated SWNH structures with
variable morphologies provides a strong and versatile test bed to nano-engineer
materials for optimal hydrogen uptake.
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e Pennsylvania State University (Penn State): Peter C. EKlund (now deceased),
Michael Chung, Henry Foley, and Vincent Crespi led this team, which developed the
new high-SSA materials that have enhanced hydrogen binding (i.e., isosteric heats of
adsorption) through a direct chemical modification of the framework; specifically
chemically substituting boron into sp? carbon frameworks. New boron-carbon
materials were synthesized by high-temperature plasma, pyrolysis of boron-carbon
precursor molecules, and post-synthesis modification of carbons. Hydrogen uptake
was assessed, and first-principles theory identified novel mechanisms of enhancement
and guided the development of improved synthetic strategies and materials properties.

¢ Rice University (Rice): James Tour, Carter Kittrell, and Richard E. Smalley (now
deceased) led this team with a primary objective of designing and developing
nanostructured materials using sp? carbon. The original focus was on carbon
nanotubes (CNTS), with subsequent emphasis on graphene based on cost
considerations. CNTs are now being made in ton quantities for incorporation into
battery electrodes, which could bring CNTs back into play in the future. Nanoporous
sp? carbon scaffolds tend to have 2x higher uptake than Chahine's rule for 77 K,
although low SSA remains a challenge. Graphene media without the proppants
behave similarly to other carbon materials. Addition of nitrogen atoms’ substitution
increases the uptake per unit surface area; values as high as 28 at % have been
achieved. Boron and phosphorous substitution enhances binding enthalpy to
8.6 kJ/mol, but much higher percentage substitution is needed to exceed 10 kJ/mol.
These substituted graphene materials will provide suitable binding sites for charged
intercalants, which is now being tested. The effort also investigated the use of
intercalants to boost binding energies sufficiently to enable storage at temperatures
much closer to ambient.

e Rice: Another Rice team, led by Boris Yakobson and Robert Hauge, modeled
materials structures’ interaction with hydrogen, optimized their makeup for storage,
and assessed their volumetric and gravimetric capacity. The team designed basic
carbon foams with the optimized porosity for enhanced dihydrogen binding and
storage capacity. By varying the separation and diameters, foams with different
porosity were generated. Grand Canonical Monte Carlo (GCMC) simulations allow
them to evaluate the storage in these foams. For more realistic storage capacities,
guantum corrections were incorporated. The accessible surface areas have also been
calculated using nitrogen (N,) as the probe gas, which enables a direct comparison
with Brunauer-Emmett-Teller (BET) SSA data. Among the similar mass density
foams, the (5,5)+(10,0) welded tubes yield the optimum for storage with the
gravimetric (6 wt %) and volumetric (60 g/L) capacities at 77 K, exceeding the DOE
targets. Rice also advanced the understanding of thermodynamics and kinetics of
hydrogen spillover into the chemisorbed state on graphene. Rice demonstrated that it
is energetically possible for spillover of H to occur from a metal cluster to the
hydrogenated graphene, both from the free-standing and from the receptor-supported
catalyst. Their work provided an explanation of the “nano-thermodynamics” of
spillover and hints toward improved materials.
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Texas A&M University (TAMU): Led by Hongcai Zhou (formerly of Miami
University-Ohio, the TAMU team designed, synthesized, and characterized high-SSA
metal-organic frameworks (MOFs) with active metal centers aligned in porous
channels and accessible by H, molecules. MOFs are synthetic nanoporous crystalline
materials composed of inorganic and organic building blocks. Through optimized,
cooperative binding, the MOFs were designed with enhanced affinity to H, to help
reach the DOE hydrogen storage targets. TAMU enhanced H, uptake by (1) preparing
catenation isomer pairs to evaluate the contribution from catenation to the hydrogen
uptake of a MOF material; (2) synthesizing porous MOFs with high hydrogen
adsorption affinities based on different coordinatively unsaturated metal centers
(CUMCs); (3) using MOFs that contain nanoscopic cages based on double-bond-
coupled di-isophthalate linkers; and (4) obtaining stable MOFs with high SSA by the
incorporation of mesocavities with microwindows.

University of Michigan (Michigan): Ralph T. Yang led this project designed to
develop new nanostructured sorbent materials optimized for hydrogen spillover.
Spillover is broadly defined as the transport (i.e., via surface diffusion) of dissociated
hydrogen formed on a catalyst and stably storage on a receptor surface. To exploit
spillover for storage, among the key questions are whether spillover is reversible at
ambient temperature and if the desorption rates at ambient temperature are fast
enough for automotive applications. Michigan developed new sorbents by using a
transition metal (e.g., Pt, Ru, Pd and Ni) as H; dissociation source and difference
high-SSA sorbents as the hydrogen receptors. Different metal doping methods have
been used successfully to achieve high metal dispersion thereby significant spillover
enhancements, as well as a bridging technique used for bridging to MOFs. This report
summarizes the progress made in the project.

University of Missouri-Columbia (Missouri): Peter Pfeifer led this team, which
examined high-SSA carbons developed by the university from corncobs. These
porous carbon sorbents show considerable promise for reversible on-board storage of
hydrogen with high gravimetric and volumetric storage capacities. Missouri designed,
fabricated, characterized, and evaluated the sorbents, adjusting the pore architecture
and surface composition for optimum capacity and deep potential wells.

University of North Carolina at Chapel Hill (UNC): Yue Wu and Alfred
Kleinhammes led a team that developed unique characterization tools based on
nuclear magnetic resonance (NMR) to provide simultaneously detailed information
on microscopic structures of nanoporous materials, their hydrogen storage capacities,
binding energies, and H; kinetics. UNC worked with all the synthetic groups in the
HSCoE to conduct unique NMR experiments with the different partner material in
situ under controlled H; pressure. Such NMR studies provided critical information for
identifying promising approaches used by HSCoE partners for enhancing binding
energies and storage capacities. In addition to 1H NMR investigation of H,
adsorption, NMR was also employed to measure the atomic content of substituted
elements (i.e., boron in boron-substituted graphitic materials) as well as the local
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environment and the local symmetry of these substituted nuclei. Such studies were
carried out on nearly all samples developed by HSCoE.

¢ University of Pennsylvania (Penn; Former Partner): Led by Alan G. MacDiarmid
(now deceased) and Pen-Cheng Wang, the Penn team focused primarily on the
synthesis, processing, characterization, and selection of polyaniline (PANI)-based
materials. This was based on a publication by Cho and colleagues (2002) that
reported more than 8 wt % (reversible) hydrogen gas storage at RT in doped
(metallic) forms of organic conducting polymers (“synthetic metals), PANI and
polypyrrole (PPy). The conclusions of the research group at Penn in collaboration
with measurements at NREL agree with those of Panella and coinvestigators (2005)
in that under the incompletely described experimental conditions given by Cho and
coworkers (2002), no significant adsorption of H, was observed. Ultimately, the
effort was not able to demonstrate any significant hydrogen storage enhancement by
conducting polymer materials and the project was stopped at the end of Phase 1.

e Michigan/University of California, Los Angeles (UCLA; Former Partner): Omar
Yaghi led a team that investigated the hydrogen affinity of MOFs and optimized
hydrogen storage performance by testing and evaluating various structures, synthetic
methods, and activation procedures. Synthesized MOFs were evaluated by different
partners that performed different characterizations, such as NMR spectroscopy, to
provide additional insights into the mechanism of hydrogen storage. This project left
the HSCoE at the end of Phase 1 to pursue development independently.
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2.0 Development

2.1 Approach/Overview

A guiding principle in developing the required materials is that a continuum of energies
exists for hydrogen bound to substrates and molecules. On the weak side of the
continuum is nondissociative (hydrogen remains a molecule, H,) physisorption, which is
due purely to van der Waals (vdW) forces (~4 kJ/mol). On the opposite end is the full
C-H chemical bond in methane with an energy of ~400 kJ/mol. As shown in Figure 2-1,
between these two limits, with nominal binding energies between 5 and 40 kJ/mol, are:

e Physisorption—related to key parameters affecting vdW forces

e Enhanced dihydrogen binding—via the formation of complexes that exhibit
electron transfer interactions from the hydrogen as in substituted/heterogenous
materials

e Multiple dihydrogen binding—forward- and back-electron donation, between the
sorbent and hydrogen that induces a significant molecular bond stretching
between the hydrogen atoms.

e Weak chemisorption—weak, reversible, chemical bonding of mono-atomic
hydrogen to lightweight receptor materials (via a “spillover” mechanism).

The U.S. Department of Energy (DOE) targets can be met with sorbents if (1) the energy
for hydrogen adsorption (i.e., the enthalpy) can be designed to be in a nominal optimal
range (~10-40 kJ/mol: depending on the entropy, which is effectively the state of the
sorbed hydrogen compared to the relatively disordered state of the hydrogen gas), desired
operating pressure, and temperature (see, for example, Bhatia and Myers 2006,

Figure 2-2); and/or (2) efficient volumetric arrangement (see Figure 2-3) of a sufficient
number of suitable binding sites can be achieved with a low-weight material. These goals
are difficult to reach in conventional adsorbents with high specific surface areas (SSAS),
which are limited by low physisorption binding energies, heterogeneity of the adsorbent
surfaces and adsorption sites, and excessive macroporosity and poor volumetric packing.

By focusing on specific mechanisms, the Hydrogen Sorption Center of Excellence
(HSCoE) leveraged appropriate materials and synthetic capabilities and expertise of the
different partners to create optimized pore size and high-SSA materials; heterogeneous
materials with enhanced dihydrogen binding; materials with coordinated metal centers;
and spillover or chemisorbed hydrogen materials.
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Figure 2-2. The optimal enthalpy (AH) for hydrogen storage depends on the pressure,
temperature (black is 77 K, blue is 223 K, and red is 298 K), and sorption interaction (i.e.,
entropy: e.g., dotted lines AS = -10R, and solid lines AS = -8R). For example, as shown in

this plot if materials with enthalpies between ~13 and 25 kJ/mol can be made, then
ambient temperature hydrogen storage is possible with pressures between ambient and
100 bar. For lower binding energies, lower storage temperatures will be required.
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Figure 2-3. Graph from Argonne National Laboratory showing the dependence of
volumetric density on gravimetric and bulk density for sorption materials. The plot
indicates that to have the potential to meet DOE 2015 volumetric target (0.04 kg H,/L,
yellow band on chart), bulk material densities between 0.7 and 1 g/L will be required for
sorbent materials with 6 to 7 wt % gravimetric capacities.

From the outset, in order for the HSCoE to select among a relatively large number of
potential sorbent materials, researchers placed more emphasis on identifying and
developing mechanisms that led to higher volumetric capacity and more favorable

operating conditions rather than on specific, individual materials. This enabled efficient
and rapid progress by focusing resources on identifying and optimizing specific
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properties and critically evaluating hydrogen storage material classes. This is why the
HSCoE was organized into four focused efforts (see Table 2-1), each of which was
designed to efficiently address a specific set of issues associated with a specific hydrogen
sorption mechanism (Figure 2-1).

Table 2-1. Overview of the HSCoE Partners’ Roles and Responsibilities

HSCoE Partners’ Development Areas

g
= & g | S
(6] o

Jlo|2lelZ2ls |2 slgl3|E]8]0

=z o @ > 1 z [0 @ 5] o < = 0 zZ
HSCOE Partners < < O o - zZ P O o a4 — = = D
Research Focus Groups
1. Optimized
Nanostructures (Ahn, S PIP|P|P|P|P P | P P | P
Simpson)
2. Substituted Materials
(Cooper, Blackburn) PP S|S|P|P P S|P
3. Strong/Multiple
Dihydrogen Interactions P | P S| S|P P
(Brown, Engtrakul)
4. Weak
Chemisorption/Spillover S S|S|P|P|S S P P
(Yang, Gennett)

P = primary and
S = secondary focus

Goals of Development Areas

1. Create and stabilize optimized high-SSA structures

2. Enhance storage directly and create anchor points for other species

3. Implement improved binding on solid supports, array active metals (e.g., MOFs)

4. Understand and improve capacities, kinetics, reproducibility

Notes: ANL = Argonne National Laboratory; APCI = Air Products and Chemicals Inc.; Caltech =
California Institute of Technology; Duke = Duke University; LLNL = Lawrence Livermore National
Laboratory; NIST = National Institute of Standards and Technology; NREL = National Renewable Energy
Laboratory; ORNL = Oak Ridge National Laboratory; Penn State = Pennsylvania State University; Rice =
Rice University; TAMU = Texas A&M University; Michigan = University of Michigan; Missouri =
University of Missouri-Columbia; UNC = University of North Carolina at Chapel Hill; SSA = specific
surface area

These focused research efforts were complementary, with lessons learned and materials
developed in one effort often proving applicable to another. For example, for
physisorption the main issues are optimized pore sizes and very high SSAs. Similar
issues arise for other sorbent material classes, and thus lessons learned for physisorption
materials were directly applied to other HSCoE development activities. The key
advantage of the mechanism-focused approach was that selection criteria could be
identified for each material class based on a limited amount of experimental and
calculation work. This enabled identification of the most promising materials and thus
eliminated the vast majority without the potential to meet DOE targets. This approach
substantially reduced the HSCoE's overall work while prioritizing development efforts.
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The main goals of the HSCoE were to discover the performance limits of various
sorbents that could be used to meet the DOE system targets for reversible hydrogen
storage (i.e., for motive applications). This involved the design and synthesis of materials
that bind large amounts of hydrogen on both a per-weight and a per-volume basis as
either: (1) weakly and reversibly bound atoms and/or (2) strongly bound molecules. The
HSCoE focused on determining binding mechanisms and energies, and the manner in
which suitable sites may be organized in space to achieve a high-volumetric density using
low-weight frameworks. This involved determining the effects of geometry, introduction
of defects, adventitious dopants, and catalytic species as well as elemental substitution.
The HSCoE investigated a range of different lightweight, nanostructured materials and
porous frameworks. The HSCoE strove to be nimble, flexible, and responsive to
incorporating promising new ideas, materials, and concepts as they arose.

By working closely together and drawing on the unique capabilities of the various
partners, HSCoE members were highly successful in accelerating the development of
hydrogen storage materials. This close interaction resulted in more than 40 joint projects
per year, in which the rapid materials development was illustrated by upward of 30 joint
publications per year. In addition, the HSCoE worked with more than 40 groups from
around the world and directly with the Chemical Hydride and Metal Hydride Centers of
Excellence to ensure that its development efforts leveraged other research activities for
efficient utilization of resources. Finally, the HSCoE also ensured that its development
efforts were transparent and were provided to the scientific community in a timely
manner to again help speed the storage materials’ development progress. This was done
through the active organization by HSCoE partners of hydrogen storage materials
conferences around the world, and through hundreds of presentations at conferences and
hundreds of publications in peer-reviewed journals (see Appendix A).

In general, the HSCoE focused exclusively on developing materials for on-vehicle
refueling and hydrogen storage, and made substantial progress, sufficient to where
sorbents may be used to meet DOE 2010 hydrogen storage system targets. In addition,
progress was sufficient to identify sorbents that may be developed to meet DOE 2015 and
possibly even DOE ultimate hydrogen storage targets. The HSCoE approach enabled
direct development of a detailed understanding of different sorption mechanisms that led
to identification of new materials and synthetic routes with well-vetted predictions
grounded in experimental observations. The tremendous results obtained by close
interaction between theory and experiment were also aided by a strong focus on
reproducible rapid-throughput hydrogen storage property measurements and unique
materials characterization techniques. The overall center approach involved organizing
and bringing together different partners/capabilities to focus on specific aspects of the
development cycle, including:

1. Focused experimental development efforts
2. Crosscutting theory
3. Unique hydrogen sorbent characterization techniques.
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2.2 Optimized Nanostructures

In most hydrogen sorption materials with the potential to meet DOE targets, almost every
atom must be accessible and lightweight. Therefore, materials with high SSAs are
required. In addition, to meet volumetric targets, the sorption sites need to be arranged to
minimize the amount of open space (Figure 2-3) so that the bulk density can be as high as
possible. This suggests that porous structures should be optimized to allow hydrogen
egress in and out, but the hydrogen should be in contact with some kind of sorption site.
Logically, the materials should have no macroporosity (pores greater than ~50 nm in
diameter) and minimal mesoporosity (pores between 2 and 50 nm in diameter), and,
depending on the specific sorption mechanism, the materials should have pore sizes
between 0.7 and ~1.5 nm.

In general, to allow sorption on all surfaces of a pore, the distance between the surfaces
should be at least twice that of the kinetic diameter of dihydrogen (2.89 A). In addition,
multilayer adsorption effects, H-H repulsion, and other space-optimization considerations
suggest that the pore sizes may need to be ~1.2 nm. Also, calculations suggest that some
enhanced binding may occur if the pore structure is on the order of 0.7 to 1.2 nm.

The Optimized Nanostructures effort focused on designing and synthesizing lightweight,
high-surface-area, optimal-pore-size materials, with the findings being applicable to
almost all sorption materials. The effort focused on stabilizing large quantities of
hydrogen directly by physisorption. Researchers investigated methods to optimize
sorption properties and increase dipole-dipole interaction (i.e., vdW forces) binding
energies via appropriate geometrical pore structures by arraying high-SSA structures
(e.g., scaffolds). This was done by forming high-surface areas directly during synthesis or
by creating porosity in dense structures. The thrust of these efforts involved optimizing
sorption sites and optimizing space to enhance binding without loss of volumetric
capacity.

Specific activities for the optimized nanospace effort involved performing theoretical
modeling and experiments to determine potential mechanisms for higher storage
capacities and to provide guidance for materials development. In addition, these efforts
developed and/or improved scalable and reproducible synthesis methods of nanoporous
materials. Several different synthetic pathways were investigated, including templated
carbon/boron, polymers, metal-organic frameworks (MOFs), aerogels, single-walled
nanohorns (SWNHSs), and scaffolded single-walled nanotubes (SWNTSs). Synthesized
materials were characterized to determine their hydrogen storage properties and, when
appropriate, to identify unique sorption mechanisms. In some cases, this involved
optimizing materials for other storage processes beyond physisorption.

2.3 Substituted Materials

The HSCoE formed the substitution development effort to focus on increasing the
intrinsic binding energy of storage materials and thus their storage capacity at higher
temperatures. In general, increasing the intrinsic heats of dihydrogen adsorption is
difficult, and the HSCoE identified only a few potential pathways. For most pure
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materials, or materials with electronic configurations that induce no significant
adsorption, the primary adsorption mechanism is physisorption, which typically has
enthalpies at ~5 kJ/mol or less for interaction with a single surface. Enhanced
physisorption binding energies (i.e., 5 to 10 kJ/mol) are often observed with high-SSA
materials. This is primarily a result of interaction with multiple adsorption sites that then
limits the total gravimetric capacities. In general, physisorbed dihydrogen on single
surfaces has relatively low binding energies, and capacity requires operation at lower
cryogenic temperatures and higher intermediate pressures. Typically, increased binding
energies, lower temperature, and higher pressure are required to overcome the intrinsic
repelling force between dihydrogens to yield higher storage capacities on the sorbent
surface at a specific temperature and/or pressure.

Going beyond pure physisorption requires enhanced electron interactions between the
sorption material and dihydrogen. In general, heterogeneous elemental structures or
surface functionalization can induce enhanced electron interactions. However, after
relatively comprehensive investigations, very few material systems were identified with
the potential to enhance dihydrogen binding. In general, the exchange of a different atom
species in an elementally homogeneous lattice induces an electronic perturbation that
may enhance dihydrogen binding. For example, the empty p orbitals on boron (B)-
substituted [for] carbon (C) induces electron donation from H to provide a reasonable
enhancement in binding (i.e., 10 to 15 kJ/mol) and capacities. However, it was
determined that only boron substituted with a sp® or similar coordination produced the
enhanced dihydrogen binding. Other B-C or C-C coordination, the presence of other
elements such as nitrogen (N) in the lattice, or other (except for beryllium [Be])
substituted lightweight elements (e.g., Li, N, O, F, Na) in carbon lattices do not
significantly enhance dihydrogen binding. Furthermore, in addition to needing to be in
the correct coordination state, calculations predict that enhanced binding may occur only
if the B remains both electronically and structurally “frustrated” such that the B atoms are
out of the plane of the carbon matrix, thus potentially expanding the lattice.

In addition to direct substitution, initial efforts identified that materials with intercalated
and/or absorbed ions may enhance dihydrogen binding. For example, anions with high
charge/volume ratio (e.g., fluoride) can donate electron density to s*-orbitals of
dihydrogen. Similarly, other intercalated species (e.g., alkali and alkaline metals, anions)
may induce charge interactions to improve hydrogen adsorption enthalpies. In some
cases, it is theorized (Yoon et al. 2007) that nanostructures can created to generate
sufficient electric fields to enhance H; storage. Finally, some of these substituted or
functionalized materials may improve sorption of other elements/molecules for different
hydrogen mechanisms associated with back-donation and/or spillover.

Based on initial predictions and experimental results, the HSCoE partners developed
scalable synthesis methods to form substituted and intercalated materials that demonstrate
enhanced dihydrogen storage properties. Boron substitution was achieved by either
starting with chemical compounds with high concentrations of B and forming high-SSA
materials, forming boron-substituted activated and graphitic carbons (e.g., BC3), or
substituting boron for carbon atoms in preformed materials. In addition, the HSCoE
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partners developed anion-intercalated graphitic and other intercalated/functionalized
materials with enhanced hydrogen storage properties.

2.4 Strong/Multiple Dihydrogen Interactions

The final set of methods to improve dihydrogen binding is characterized by forward- and
back-electron donation from the sorption material that induces a significant molecular
bond stretching between the hydrogen atoms (Kubas 2001). Typically, this is achieved
when the sorption sites are electronically and coordinately unsaturated. In these cases,
electrons are donated from the hydrogen to electronic states in the sorbent, and some
electron transfer occurs where other sorbent electronic states donate to the hydrogen
molecule. These types of sorption sites can bind a dihydrogen molecule more strongly
(10 to 200 kJ/mol), but more importantly, can also bind multiple dihydrogen molecules to
a single sorption site. This method enables a substantial increase in volumetric densities if
these sites can be densely arrayed. As stated previously, the HSCoE focused on materials
with an optimal range between ~10 and 40 kJ/mol to enable reversible near-ambient
temperature and pressure hydrogen storage.

In general, the specific partially coordinated atom sites needed for strong and multiple
dihydrogen binding can be attained in a number of ways. These include stabilizing single
metal atoms on high-surface materials (e.g., Li/THF co-intercalation compounds or Ca on
graphene lattices) or in crystalline structures such as MOFs or metallocarbohedrenes
(Met-Cars). Thus, the HSCoE focused on methods to develop hydrogen interactions with
coordinated but unsaturated metal centers and to design and synthesize these types of
sorbents. This involved using calculations to identify and guide tractable reactions that
balance reactivity with stability and capacity.

The HSCoE investigated integrating appropriate metal centers with binding energies to
40 kJ/mol, with materials such as aerogels, carbon nanohorns, carbon nanotube scaffolds,
polycyclic aromatic hydrocarbons, graphene, and MOFs. These efforts included utilizing
the higher Coulomb repulsion between alkaline metals to facilitate metal/substrate
binding and/or enhancing charge transfer to stabilize the metal/substrate interaction with
substitutional integration of different atoms in the support materials. One key issue with
the use of open metal centers is the fact that their higher reactivity makes them
susceptible to an array of issues. Such issues include agglomeration of the metals and
reaction with contaminants, both of which reduce or eliminate the hydrogen storage
enhancement, which makes durability and synthetic processing more challenging.
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2.5 Weak Chemisorption/Spillover

The HSCoE also actively investigated methods to efficiently store dissociated hydrogen.
In general, dissociated or atomic hydrogen forms strong bonds with other materials (e.g.,
metal hydrides or chemical hydrides) that require high temperatures (e.g., more than

500 K) or catalysts to break the bonds. However, it is possible for hydrogen atoms to be
adsorbed to surfaces in such a way that the bonding is weaker and conducive to nominal
reversible storage capacities at near-ambient temperature and under moderate pressure.
From a practical standpoint, a catalyst is typically needed to dissociate the dihydrogen
gas; this is a known technology in the chemical process industry. Because most common
industrial catalysts (e.g., Pt, Pd, Ni) are relatively heavy and expensive (e.g., platinum
group metals), reaching the DOE targets will require catalysts that are appropriately
integrated with a lightweight and compact material such as carbon or boron so that the
dissociated hydrogen can “spillover” and be stably and reversibly stored, primarily on the
lightweight inexpensive receptor material.

Maximizing performance and costs via spillover involves focused development efforts to
optimize catalyst performance and dispersion and to integrate with receptor material
properties and hydrogen surface transport/diffusion mechanisms. This involves
performing systematic experiments to quantify spillover processes, determining the
causes for material degradation and irreproducibility, and developing scalable and
reproducible synthesis methods of spillover materials. For example, because of the
mechanisms associated with hydrogen diffusion on the receptor material surfaces, low
refueling rates and small materials surface properties are major challenges that must
beresolved. To address these issues, the HSCoE leveraged modeling to identify and
construct new spillover materials with improved properties and to chemically modify
known spillover materials to improve spillover performance.

2.6 Crosscutting Theory

As discussed above, the HSCoE integrated experimental development with predictive
theory closely to build a detailed understanding of the sorption mechanisms involved.
This understanding was used to rationally design new sorbents and viable synthetic
pathways. To ensure optimal integration and utilization of the limited resources, the
complementary theoretical efforts within the HSCoE were actively coordinated (see
Figure 2-4).
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Figure 2-4. Overview of the HSCoE partners' roles and specialties associated with rational

design of sorbents

The theory team consisted of 10—20 researchers throughout the different HSCoE partners
and was led by key investigators. The theoretical work used a variety of methods and
modes of simulation to provide highly accurate simulations of experimental results, and,

once

validated, predictions of designed sorbent performance. Specific methods included:

Different levels and methods of density functional theory (DFT). Most of the
theoretical work performed by HSCoE partners employed the state-of-art first-
principles atomistic simulation based on the density functional theory as
implemented in the Vienna Ab initio Simulation Package (VASP) or Gaussian
distribution. However, other packages and methods within the DFT family were
used as appropriate.

Energetics and structural optimization-based calculations. Total energy and
structural optimization are the most frequently used modes of simulation for
determining stable/metastable structures of materials, characterization of
reactivity, and interaction with hydrogen.

Kinetics calculations/simulations were particularly useful for simulation of H
spillover effects. A climbing nudged elastic band method was typically used to
calculate the H diffusion barriers in carbon substrates.

Molecular dynamics (MD) simulation at finite temperature is the most effective
simulation mode to test the stability of a material and to identify atomistic
processes
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e Electronic structure analysis is a powerful method to disclose the mechanism of
hydrogen interaction with storage materials and provides deep insights into
electron-counting rules (e.g., 18-electron rule), tunability of hydrogen binding
energy, and acceleration of kinetics of H spillover.

¢ Bridging atomistic and parameterized continuum modeling was developed to
simulate systems with larger numbers of atoms or molecules.

2.7 Specialty Characterization

The HSCoE developed or improved measurement techniques to help characterize sorbent
properties and accelerate materials development. This included efforts to understand the
sources of errors associated with reported hydrogen storage capacity measurements,
development of in-situ nuclear magnetic resonance (NMR) spectroscopy measurements
at high pressure and low temperature, and adaptation of the suite of neutron scattering
techniques to optimally characterize hydrogen sorption on high-SSA materials. The
improved understanding of errors enabled sorption capacity systems to be constructed
that provided accurate results from very small “laboratory scale” (e.g., a few milligrams)
samples to accelerate materials development by providing useful characterization without
the need to scale up the processing and make larger samples. The NMR system built by
The University of North Carolina, Chapel Hill (UNC) provided information about the
porous structures, hydrogen storage capacities, binding energies, and H, kinetics for
sorbents. The neutron scattering analysis performed by the National Institute of Standards
and Technology (NIST) provided critical structural, hydrogen interaction, composition,
and other important material property information to the HSCoE in its quest to
understand current systems and develop new materials for hydrogen storage. These and
other measurement techniques enabled sorbents to be quickly characterized to select
materials based on a true understanding of their hydrogen storage properties.

2.8 Overview of Analyses Performed

Although the HSCoE focused on a subset of all the possible hydrogen storage media, this
still encompasses a large class of materials and a wide range of types (engineered
nanospaces, substituted materials, metal-centered-based materials, and weak
chemisorption/spillover materials). The approach and focus of each of these subgroups
also varied widely as the hydrogen storage mechanisms and their optimization differed
among the groups. Therefore, understanding and investigating these materials
encompasses almost the entire range of present-day analytical techniques. Each of these
techniques has advantages and disadvantages and only with a coordinated analytical
approach does any sensible and coherent understanding arise that provides insight toward
the mission’s goals. Within each subclass of materials, specific analytical techniques
reveal themselves over time as being particularly useful as either routine and facile
techniques to provide baseline information or to probe for deeper insights into the
scientific mechanisms that are needed to fully understand and develop these materials.

Another critical factor to consider in such a large and coordinated effort with its large
quantity and variety of samples to be measured is the efficiency and quality of
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characterization. Unfettered access to the needed instrumentation is paramount as well as
optimized screening procedures, reliable and reproducible measurement protocols, and
verification procedures to ensure accurate measurements. Access to instrumentation is an
important pragmatic consideration in defining routine measurement protocols needed for
the high throughput of samples. Establishing the necessary facilities to handle the
measurements took considerable effort and resources as did developing the measurement
protocols. These resources and the centerwide expertise provided the foundation for the
measurement effort. Below is a brief listing of some of the more useful techniques and
the information that they provide.

2.9 Specific Analytical Tools Used by the HSCoE Partners

2.9.1 Adsorption Isotherm

In general, adsorption/desorption measurement of gasses as a function of temperature and
pressure are used to characterize sorbents in a number of ways. For example, analysis of
isotherms measured close to the liquid/gas transition temperature of the probe molecule
(e.g., ~77 K for nitrogen and ~195 K for CO,) can be used to analyze the pore size
distribution and the SSA of the sorbent. These same measurements can be performed
with hydrogen at ~19 K, and the excess gravimetric capacity of hydrogen can be
measured at different temperatures to provide an information that can be used to estimate
a hydrogen storage system capacity using a given sorbent.

2.9.1.1 Surface Area Analysis/Pore Size Analysis

Surface-area and pore-size analysis are a very important analysis tools for this class of
sorption materials, and most samples are analyzed for surface area. The methodology is
very similar to the volumetric technique discussed below, except that the gas used for the
measurement is usually nitrogen. The adsorption isotherm is analyzed according to
particular adsorption models that have the SSA as a parameter thereby yielding an
estimate for the surface area. The most widely used models are the Brunauer-Emmett-
Teller (BET) and Langmuir models. The Langmuir model was developed first and
describes adsorption as gas atoms or molecules sticking to a surface in a single layer. In
contrast, the BET model allows for multiple layers to form. Regardless of the model, the
number of first-layer sites is a parameter and the adsorption data can be fit to the model
yielding the number of sites. The surface area of the material can then be calculated by
knowing the number of sites and the size of the gas atoms or molecules. The BET model
is most frequently used to determine the surface area.

2.9.1.2 Excess Hydrogen Adsorption

Adsorption isotherms with hydrogen can be used to determine the “excess” hydrogen
adsorbed on to the material of interest at a fixed temperature and as a function of
pressure. The term “excess” refers to the hydrogen on or near the sample surface that has
a local density above that of the surrounding free gas. Specifically, it is also known as the
“Gibbsian surface excess” or “Gibbsian excess,” and it directly measures the ability of
the material of interest to adsorb hydrogen. This is contrasted with the “engineering
excess” and the “total capacity.” The latter measures the total amount of hydrogen stored
in the container and includes both the Gibbsian excess and the amount in the free gas
above the sample. The former takes the total capacity and subtracts the corresponding
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total capacity of an empty identical container; it addresses the question of, “Is it better to
use an empty container to store the gas or an identical container containing the material
of interest?”” As the center was mainly interested in the ability of the material of interest
to adsorb hydrogen, measurements within the HSCoE focused on the Gibbsian excess.

There are two common methods to measure adsorption isotherms: volumetric and
gravimetric. Volumetric determines adsorption by application of the gas law to calculate
mass balance of the gas. It uses calibrated volumes at known temperatures and measured
pressures to determine the amount of gas above the sample before and after applied gas
pressure changes and assumes that any missing gas was adsorbed onto the sample or
extra gas was desorbed from the sample. It is very important the temperature profile of
the appartus is constant over time and that the volumes are calibrated very accurately.
Gravimetric methods measure the combined mass of the sample and any hydrogen
adsorbed. This mass is compared with the mass with no hydrogen. The volume of the
sample, sample container, and relevant volumes of the balance support must be
accurately known to compensate for buoyancy effects. One weakness of the gravimetric
method when measuring hydrogen adsorption is that it is sensitive to impurities in the
gas, because hydrogen is the lightest gas and all impurities are heavier. Any adsorption of
the impurities by the sample will affect the results more than that of a volumetric system.
The HSCoE primarily used the volumetric method to measure adsorption isotherms, but
corresponding gravimetric measurements were made with some sorbents.

Within the HSCoE, several partners performed volumetric measurements including the
National Renewable Energy Laboratory (NREL), NIST, Pennsylvania State University
(Penn State), Air Products and Chemicals Inc. (APCI), the California Institute of
Technology (Caltech), Argonne National Laboratory (ANL), the University of Missouri-
Columbia (Missouri), and Texas A&M University (TAMU). NREL has three volumetric
systems, one low pressure (~2 bar maximum) and two high pressure (~200 bar
maximum). The low-pressure system is used as a screening tool to roughly gauge the
quality of samples. It is also useful for samples where only small quantities are available,
as it needs only a few milligrams to perform a measurement. The high-pressure systems
typically require ~100 mg for an optimum measurement. Both low- and high-pressure
systems can measure samples at room temperature (RT) and at liquid nitrogen
temperature. Regardless of the sample temperature, it is crucial that the apparatus’s
temperature profile remain constant over the course of the measurement including both
the calibration and adsorption measurement cycles. NREL has gone to great effort to
ensure that this condition is satisfied. This is especially important for samples displaying
the spillover phenomenon, as the measurement cycle is very long based on the relatively
slow kinetics. NREL and NIST can perform isotherm measurements from ~10 K to
ambient temperature, and APCI developed a differential pressure volumetric system.

2.9.2 Temperature-Programmed Desorption

Temperature-programmed desorption (TPD) effectively heats a sample at a prescribed
rate and monitors the effluent released. Because a mass spectrometer is often used to
measure the atomic and molecular species released, the sample is typically held at
vacuum pressures of ~10°® torr prior to heating. Often the sample is cryogenically cooled
with liquid nitrogen or a cryo-cooler to 77 K or lower to capture the adsorbed species on
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the sample while the sample vessel is being evacuated. Even with this cooling, TPD
typically underestimates capacities because no overpressure is present. For example, with
high-SSA sorbents, hydrogen that is adsorbed at ambient temperature would be
completely removed during evacuation, unless the sample is cooled. Once cooled, most
other adsorbed gasses that become solids or liquids at, for example, 77 K are then held on
the sample during evacuation, and an accurate accounting of these gasses can be
measured when the sample is heated back up to ambient or higher temperatures.
However, unless the sample is cooled to ~5 K, hydrogen will partially be evacuated and
thus an accurate accounting of the amount stored cannot be obtained. TPD provides a
quick method to monitor the different components in the effluent, including potential
break-down materials from the sorbent and chemically reacted species that may have
formed and are released from the sample at higher temperatures. In general, TPD can be
used to quickly determine if enhanced bonding is present and/or quantitatively measure
the binding energies of the gases to the sorbents. TPD can be used to accurately
determine the composition of the effluent and the binding energies of even sub-milligram
samples. TPD is also routinely used to monitor the reaction and degassing processes
associated with sorbent syntheses.

2.9.3 Microscopies and Morphologies

2.9.3.1 X-Ray Diffraction

X-ray diffraction (XRD) occurs when X-rays are scattered elastically off the electrons
surrounding the atoms in the sample and produce an interference pattern (diffraction).
Detecting this diffraction pattern provides information about the samples, specifically
concerning the arrangements of the atoms in the sample. The measurement may identify
the crystal structure and measure lattice constants, particle sizes, etc. of the sample. In the
context here, XRD is most often used to ascertain whether, in synthesizing materials, the
desired crystal structure has been obtained. It can also be used to monitor the crystal
structure over time with additional sample processing to check for changes in the sample
or the stability of the crystal structure. As many of the materials studied under this
program are considered to have amorphous atomic structure, this particular technique had
limited utility.

2.9.3.2 Electron Microscopies

Both scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
provide critical information on the samples. SEM scans an electron beam across the
sample and detects scattered electrons from the surface, thereby giving information on
surface morphology and pore structure. TEM also scans an electron beam across very
thin samples and detects the transmitted electron beam. This provides information on
microcrystallinity, particle size, and particle distribution. Both microscopies can have
energy dispersive spectroscopy analysis to provide compositional information, including
modes to help enhance morphologies based on the elemental compositions.

2.9.3.3 Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) measurements on HSCoE materials such as
nanoporous carbons have been used to gain insights into the morphology of the pore
structure and how hydrogen is adsorbed (mobility or motion of Hy) into these types of
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materials, respectively. SANS probes structure in materials on the nanometer-to-
micrometer scale and therefore is ideal to probe pore structure and morphology. In
SANS, the neutron wavelength, A, and scattering angle, 6, determine the length scale
probed through the relationship, d ~ A /6.

2.9.4 Hydrogen Interactions

2.9.4.1 Neutron Scattering Spectroscopy

Powder neutron diffraction measurement for the HSCoE were performed at the National
Institute of Standards and Technology Center for Neutron Research to structurally
characterize sorbent materials using the BT1 powder diffractometer (Stalick et al. 1995),
and then to probe the rotational potential felt by adsorbed hydrogen as a function of
temperature with the BT4 filter-analyzer inelastic spectrometer (Copley, Neumann, and
Kamitakahara 1995).

Hydrogen behaves as a three-dimensional quantum rotor in the solid with energy
levels given by E; = BJ(J + 1), where J is the rotational quantum number and B =
7.35 meV is the rotational constant. Here J = 0 =»1, or para =» ortho transition, is
used as a probe of hydrogen binding sites. This transition occurs at an energy
close to 2B = 14.7 meV in the pure molecular solid because the molecules are
essentially free quantum rotors with no center-of-mass translation. In the gas
phase, the continuous spectrum of recoil energies broadens the rotational
transition, so the technique is able to discern adsorbed molecules which do not
diffuse. Relatively weak interactions between the rotating molecule and its
environment will alter this simple energy level scheme; given sufficient
spectroscopic resolution, accurate information can be deduced about the adsorbate
site symmetry and the nature of the hydrogen-substrate interaction (FitzGerald et
al. 1999; Eckert et al. 1996; Smith et al. 1996). A further advantage of neutron
scattering in this context is the low absorption in most materials, which facilitates
in situ measurements involving cryostats and pressure vessels (Brown et al.
2000).

Inelastic neutron scattering (INS) spectroscopy of H, quantum transitions provides
detailed knowledge of the H, adsorption sites. The information provided includes
determination of the highest enthalpy sites at lowest loadings; lower energy sites are
filled with subsequent loading. Difference data from INS can be used to infer the amount
of hydrogen spillover. Furthermore, INS can be used to determine some of the
H,:substrate interaction parameters that are useful for guiding theory.

2.9.4.2 Quasielastic Neutron Spectroscopy

Quasielastic neutron spectroscopy (QENS) is used to determine the self-diffusion of H,
adsorbed in materials. The diffusion constant and activation energies measured for H,
in/on the substrate are important parameters for kinetic and thermodynamic modeling.

QENS is an inverse geometry time-of-flight instrument in which a pulsed polychromatic
beam is incident on the sample. An array of graphite analyzers allow only those neutrons
with energies low enough (3.6 meV) to reach the detectors. The incident neutron energy
is scanned by time-of-flight. Standard data reduction programs are used for normalization

HSCoE Final Report — 47



of the data and conversion to a linear energy scale in neutron energy loss (reproduced
from Brown et al. 2009, p. 204025).

2.9.4.3 Nuclear Magnetic Resonance

Proton nuclear magnetic resonance (NMR) spectroscopy has the ability to characterize
conformational and dynamic processes in materials, and therefore, allows for the study of
interfacial phenomena on the nanoscale. NMR with in-situ, high-pressure H; loading is
very sensitive (detectable at below 0.1 wt % level) for selectively detecting H, molecules
confined in nanopores, and therefore, offers the unique ability to monitor the dynamic
interaction between a sorbent material and H,. For example, 1H NMR peaks can be
shifted upfield from non-interacting H, when H, is in the proximity to the graphitic basal
plane where strong anisotropic diamagnetic susceptibility leads to an additional upfield
isotropic chemical shift aiso = (2/3)(y-y.L)/(R3) (Tabony 1980; Carrington and
McLachlan 1967). Here, R is the distance of the nucleus to the basal plane and ( ) is the
average over time; /|| and xL are the magnetic susceptibilities along and perpendicular to
the c axis, respectively (Heremans, Olk, and Morelli 1994). The presence of different
shifts is associated with H; in different types of confined regions with different average
proximity to the surface (Kleinhammes et al. 2010).

Individual isotherms associated with 1H NMR peak intensities can be obtained by
measuring the peak intensities versus pressure P. Typically a linear pressure dependence
of the intensities of the proton peaks is as expected from H; gas. The isotherm data can be
used to extract the binding energy based on the Langmuir model that is expected to
describe the H, adsorption behavior in the supercritical region with sufficient accuracy
(Bhatia and Myers 2006) and is given by de Boer (1968):

NH2(P, T) = N, [OP/(1+bP)]; b = 01[vo\/(27zmszBT)]oexp[Ead/(kBT)] (1)
Here, ny, « is the saturation coverage, o is the area occupied by a H, molecule on the

surface and is about 0.16 nm? based on the commensurate filling measurement of a
graphite plane (Nielsen and Ellenson 1977), w, is the attempt frequency of about 10* Hz,
My, is the mass of Hy, and Eqq is the binding energy (Kleinhammes et al. 2010).

It is important to realize that disordered porous materials are not homogeneous, e.g.,
boron-substituted carbons. Spin-lattice-relaxation time (T1) measurements provide a
unique tool for analyzing such structural heterogeneity because T1 is sensitive to the size
of nanopores and the kinetics of H,. It is known that T1 of H, gas depends sensitively on
molecular collisions described by Johnson and Waugh (1962):

T = o %1 (1+ wo’r’) )

Here, w s a known constant related to dipolar and rotation-induced (for J = 1) effective
field at the proton, we/27 is the Larmor frequency of the magnetic field, and z. is the
lifetime of the state |1m) determined by H,-H collisions, thus, 1/z; o« P. For H; gas of

P =1 MPaand RT 7. = ~0.3 ns (Johnson and Waugh 1962). Thus, w¢’z.” <<1 and
Equation 2 predicts T oc P above 1 MPa in such fast-motion limit. For proton NMR
peaks in a given spectrum, the saturation recovery curve of the nuclear magnetization,
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M(t), exhibits an exponential dependence on the recovery time t, [Mo - M(t)]/Mg =
exp(-t/T1) where My is the magnetization in equilibrium (Kleinhammes et al. 2010).

2.9.5 Composition and Atomic Content

2.9.5.1 Prompt Gamma Activation Analysis

The use of non-destructive bulk elemental determination from prompt-gamma activation
analysis (PGAA) of HSCoE-synthesized materials steered synthetic approaches and gave
valuable feedback to researchers pertaining to the elemental composition of a given
sorbent material (e.g., boron or nitrogen doping levels).

2.9.5.2 X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) relies on the photoelectric effect, whereupon
electrons are emitted from a material upon absorption of high-energy (low wavelength)
photons. In XPS, a photon from a monochromatic X-ray beam of known energy, hv,
displaces an electron, e-, from an electronic orbital with binding energy Ey:

A+ hv =AY 4 ¢ 3)
In Equation 3, A can be an atom, molecule, or ion and A*" is an electronically excited ion
with a positive charge one greater than that of A. An electron spectrometer measures the
kinetic energy of the emitted electron E, which can be used to determine the binding
energy, Ep, of the electron:

E, =hv=-E, (4)
In Equation 4, @ is the work function of the spectrometer, a factor that corrects for
the electrostatic environment in which the electron is formed and measured.

The binding energy, Ey, of the measured electrons gives detailed information about the
identity and bonding environment of atoms and molecules within a given sample.
Specifically for boron-substituted carbon materials, boron can be identified by
photoelectrons with binding energies in the range of ~180 to 200 eV, whereas carbon
binding energies are in the range of ~280 to 300 eV. Within these envelopes, further
detail about the atomic binding environments can be gleaned by the exact position of the
observed peaks. For example, boron in a sp? bonding geometry (e.g., BCs, BN) has a
binding energy of 190-192 eV. In contrast, the binding energy is 192-193 eV for B,03,
and is much lower (187-189 eV) for elemental boron and B4C. The specific binding
energies observed in the carbon region can also convey information about carbon orbital
hybridization, with sp” C appearing around 284.5 eV and sp® C around 285.5-286 eV.
Furthermore, substitutional incorporation of boron into the sp? C lattice has been shown
to lead to a lower energy shoulder in the carbon spectrum around 282—283 eV.

2.9.5.3 High-Resolution Electron Energy-Loss Spectroscopy

The fundamental mechanisms underlying electron energy loss spectroscopy (EELS) are
similar to those involved in photoelectron spectroscopies such as XPS. In EELS, the
energy source is a high-energy electron beam with a known, narrow range of kinetic
energies. The electron beam is generated by TEM and is sent through a sample located on
a TEM grid. Upon passing through the sample, some of the electrons undergo inelastic
scattering events by interacting with the material being measured, and these scattering
events transfer energy to the material causing an energy loss for the transmitted electron.
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The energy imparted to the material can cause a variety of excitations including inner
shell ionizations in which a core electron is emitted from an electronic orbital, analogous
to the photoelectron process utilized in the XPS measurement. However, in contrast to
XPS where the energy of the ejected photoelectrons is measured, in EELS the energy of
the transmitted electrons (from the incident high-energy electron beam) is measured.
Thus, the energy loss associated with transmission of the electron beam through the
sample can be used to calculate the binding energy of electrons emitted through
scattering events, which in turn can be used to identify atoms and deduce atomic bonding
environments within the material.

The primary advantage of EELS is the high spatial resolution associated with using a
narrow electron beam, which is why the technique is often qualified as high-resolution
(HR-) EELS. In a high-resolution TEM instrument, the electron beam can be focused
down to diameters of a few nanometers, meaning that the atomic composition and
bonding environment can be resolved on similar spatial scales. HR-EELS was used by
the HSCoE to determine boron, nitrogen, and phosphorous incorporation into carbon
materials with superb spatial resolution. Similar to XPS, the specific binding energies
observed for a given sample convey information about the boron/phosphorous/nitrogen
content and bonding environment, but EELS allows this information to be mapped out
with nanometer-scale resolution. This advantage allows for tracking the spatial
uniformity of substitutional atom incorporation and also for correlating the bonding
environment to specific morphological features that may be observed in a TEM image.

2.10 Analyses Performed for Specific Sorbent Classes

2.10.1 Optimized Nanospaces

The most important properties of physisortion-based materials are SSA and pore size.
Thus, the main characterization performed measured the sorbent’s SSA and pore size
distributions with nitrogen (sometimes H, and CO;) using standard isotherm
measurement techniques. These measurements provided accurate information that
ultimately relates to the measured hydrogen storage capacities as measured with
hydrogen isotherms. In some cases to get a better mechanistic understanding of specific
adsorption sites, other characterization was performed, including inelastic neutron
spectroscopy of H, quantum transitions, quasielastic neutron spectroscopy of H,
diffusion, neutron imaging of adsorption processes in bulk briquettes of high-surface-area
activated carbon, small-angle neutron scattering for pore morphology, and 1H NMR for
hydrogen-sorbate interactions. Through these different measurements, it became clear
that physisorption was primarily affected by the number of surfaces involved with the
adsorption, and that the capacity was primarily related to the SSA. Thus, many of the
tools used to study other adsorption mechanisms were not particularly useful for
investigating vdW sorption.

2.10.2 Substituted Materials

In addition to the standard suite of measurements used to characterize high-SSA sorbents,
the enhanced binding and other properties provided by appropriately substituted B in
carbon was measured with a number of different spectroscopic techniques. The HSCoE
employed XPS to determine the specific coordination states of B in C; prompt gamma
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neutron spectroscopy, electron dispersive spectroscopy (EDS), and EELS to determine
the concentration of B in C; INS and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) to determine the hydrogen binding state in the BC materials; and
NMR spectroscopy and TPD to quantify the hydrogen binding energy and amount of
interaction in the BC materials.

NREL used XPS to investigate the coordination state of boron incorporation into the
graphitic lattice. The boron 1s and carbon 1s spectra are useful in determining the exact
state of boron binding. XPS identified four main coordination states including boron
carbide, elemental boron, sp? boron, and boron oxide. Compilation of all the boron
coordination states also provides an estimate of the total amount of boron in each state
and in the material as a whole. Nanoprobe EELS measurements go one step beyond
standard EDS to determine the local B content and B bonding geometry. PGAA is one of
many tools in the suite of neutron scattering that provides elemental composition. In this
case, PGAA provided another complementary method to determine the amount of B in
the carbon materials. INS can determine hydrogen binding energies, sorbent-hydrogen
and H-H bound lenths, and even more subtle effects associated with pore sizes and
compositions. Measurements performed for the HSCoE efforts marked the first time that
this splitting was observed with any carbon- or boron-substituted carbon, providing
definitive proof that the B in the sample significantly affects the interaction with H..

2.10.3 Strong/Multiple Dihydrogen Interactions

Identifying and characterizing strong H, binding sites in sorbent materials is critical to
help design new materials that store H, under realistic conditions. Neutron scattering and
TPD experiments were carried out to probe the adsorption/desorption of H, on various
materials. Hydrogen has the largest scattering interaction with neutrons, making neutron
scattering techniques ideal for studying strong H; binding sites. Neutron diffraction
techniques provided the atomic locations of H, within crystalline materials and enabled a
detailed understanding of the mechanism of hydrogen storage. INS measures the
dynamics of H, at strong H, binding sites. INS is instrumental in determining the major
contributions to the binding energies (i.e., improved overall adsorption enthalpy). For
example, INS shows that the highest hydrogen binding enthalpies in MOFs) result from
the open metal sites. TPD measurements were highly reliable and were used to quickly
determine enhanced hydrogen binding enthalpies. Higher temperature TPD peaks

(>150 K) typically represented populations of structurally unique, stronger H; binding
sites. In addition, TPD was used to discriminate between dissociative and non-
dissociative adsorption mechanisms.

2.10.4 Weak Chemisorption/Spillover

In general, most of the materials used for spillover investigations were high-SSA
sorbents, and the typical analyses for these types of materials (discussed above) were
routinely performed to provide baseline information of the receptors before and after
catalyst integration. Because of the novelty of the entire mechanism, specific
spectroscopic tools and methods have not been fully developed to provide the material
property information needed to fully understand the processes. Thus, standard tools such
as ambient-temperature adsorption isotherms and TPD provided the most direct evidence
for enhanced capacities resulting from spillover and in some cases resulting from
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chemical reactions of species on the receptors with the dissociated hydrogen. Routinely
monitoring the effluents of weak chemisorption and spillover materials with TPD is very
important to ensure that the hydrogen storage capacities provided by the isotherm
measurements are fully reversible at the conditions of interest for light-duty vehicles.
NMR, inelastic neutron, Raman, and Fourier transform infrared (FTIR) spectroscopies
were all investigated as possible ways to directly observe the carbon-hydrogen bonding.
However, the bonds associated with spillover are sufficiently different that only indirect
observations of the effect have been made to date with these tools. That said, more
strongly bonded hydrogen has been observed with these measurements where relatively
weaker chemical C-H bonds are clearly seen and provide a platform from which to
develop/improve these methods in order to observe the weaker spillover effects.

2.11 Cross-Cutting Theory

The HSCoE used several different methods at several different institutions (see

Figure 2-4) to provide predictive hydrogen sorbent design and performance evaluations.
The HSCoE developed an integrated theory for hydrogen storage within a paradigm of
“Interaction-structure-properties” based on thermodynamics and quantum mechanics. The
concept of hydrogen sorbents is introduced to describe optimal types of hydrogen storage
materials, in which the interaction between hydrogen and the sorbent is much weaker
than the internal interactions in the sorbents so that fast kinetics and high energy
efficiency can be achieved. Optimal hydrogen binding energies that enable highly
reversible hydrogen charge/discharge are discussed for near-ambient operating
conditions. Mechanism of hydrogen-material interaction is analyzed through a unified
bond theory. Statically, the internal interactions hold the components together for them to
form a stable sorbent structure. Dynamically, the internal interactions provide the driving
force for structure formation. Of crucial importance for hydrogen storage, the internal
interactions affects the interaction between the sorbent and hydrogen. In total, the internal
interactions not only determine how to form a stable sorbent, but also allows for the
hydrogen binding properties to be tuned purposely. In this theory, a hydrogen sorbent is
viewed as arrays of sorption sites on the surfaces, and key quantities such as the density
of sorption sites, SSA, and their relationship with hydrogen-storage properties are
analyzed. Typical nanoscale building blocks for construction of hydrogen sorbents are
used. The design principles of hydrogen sorbents are derived from practical requirements
such as energy efficiency, charging/discharge rate, cost, reversibility, and durability. A
detailed account of this integrated theory can be found in Zhao and coauthors (2010). In
the 5-year life time of the HSCoE, one of the major achievements of the theory team was
the prediction of strong H, binding to coordinately unsaturated metal centers (Zhao et al.
2005) and boron substituted in carbon materials (Kim et al. 2006).

For most of the theoretical work performed by the HSCoE, state-of-art atomistic
simulation was used based on DFT as implemented in VASP or Gaussian. Total energy
and structural optimization is the most frequently used mode of simulation for
determination of stable/meta-stable structures of the materials, characterization of
reactivity, and interaction with hydrogen. The Kkinetics calculation mode is particularly
useful for simulation of H spillover effects. A climbing nudged elastic band method was
normally used to calculate the H diffusion barriers of the receptor materials. Molecular
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dynamics simulation at finite temperature is the most effective simulation mode to test
the stability of a material and to identify atomistic processes. Electronic structure analysis
provided information about the mechanism of hydrogen interaction with the storage
materials and provided deep insights into electron-counting rules (e.g., 18-electron rule),
tunability of hydrogen binding energy, and acceleration of kinetics of hydrogen spillover.
To bridge atomistic and continuum modeling, parameterized continuum models were
developed for simulation of scale-up systems.

2.11.1 Density Functional Theory

DFT in the local density and generalized gradient approximations allows for accurate
first-principles calculation of structural energetics, including charge-transfer and
hybridization components of adsorbates binding. Van der Waals components of the
interaction require extension of the exchange-correlation potential to include non-local
electrodynamics effects, but the enhancements required for practical hydrogen storage
will require interactions beyond vdW to obtain the required binding energetics, with
either empirical or more computationally intensive first-principles treatments of this non-
local exchange-correlation. Molecular dynamics in the first-principles and empirical
approximations provide insights into the structures and stabilities of the host adsorbents
and spectroscopic properties useful to interpreting various experimental probes.

Atomic structure analysis is a basic step in characterization of materials. It allows for
guantitative determination of symmetry of bonding networks, bond lengths, bond angles,
and coordination number. DFT analysis is especially useful to determine the atomic
structures of nanoscale and non-crystalline materials, which are very difficult or even
impossible to determine experimentally. Many of the new materials (e.g., metal-
decorated buckyballs, Met-Car molecules and crystals, amorphous and activated carbon,
MOFs, boron-substituted carbon [BCy], intercalated graphite) developed by the HSCoE
experimentalists have been characterized atomistically via DFT calculations. Electronic
analysis consists of a series of quantum-mechanical approaches such as eigen states
hybridization, density of states, charge density, charge occupancy, charge transfer and
rehybridization, delocalization (resonant effect) and electron counting, and bonding
mechanisms. Systematic electronic analysis provides insights into the hydrogen
interaction with the sorbent materials. Within the HSCoE, four fundamental hydrogen
bonding mechanisms were used as part of the hydrogen storage materials development
efforts.

Kinetics analyses are effective in characterizing hydrogen adsorption/desorption and H
diffusion in spillover processes. In these well-defined processes, kinetic barriers are first
calculated within the so-called nudged elastic band method and the rate constant of the
event can be evaluated based on an Arrhenius equation. Thermodynamic analysis can be
used to search unknown atomistic processes in synthesis and reactions, and to assess the
thermo-stability of a rationally designed sorbent material.

The effectiveness and accuracy of DFT has been well tested for strongly binding systems.
For example, the cohesive energy of typical metal and semiconductor materials can be
accurate to within 0.2 eV per atom (or 5%). When the systems involve primarily vdwW
interactions, however, the accuracy of DFT calculations quickly deteriorates because of
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the small magnitude of the interaction energy (which can be as small as 0.05 eV per
atom). DFT typically overestimates vdW interactions in the local density approximation
(LDA), but underestimates or even gives no binding in the generalized gradient
approximation (GGA). For H; sorbents based on weak chemisorption (e.g., Kubas
interactions), the H, binding is typically 0.15 to 0.50 eV/H,, which falls between vdW
interactions and traditional chemical bonding. The accuracy for the DFT approach in the
common approximations for these weaker interactions between metal centers and
dihydrogen depends on the exchange-correlation functionals used. Initially, four
representative systems were selected (i.e., Ti-C;H,4, Sc-CsHs, Ca-BDC, and Li-BDC),
which cover a wide range of sorbent materials proposed for high-capacity RT H; storage.
Highly accurate calculations at the MP2/cc-PVQZ level and further corrections for the
correlation energy at the CCSD(T)/cc-pVTZ level were used to obtain the dihydrogen
binding energies on these systems. These accurate results were used to evaluate nine
exchange-correlation functionals widely used in standard DFT calculations. As discussed
below, the comparison revealed that the H, binding energy obtained with PBE and PW91
functionals are accurate to within a few hundredth of an eV/H,, validating the predictions
where these two functionals were used.

HSCoE partners at NREL and Rensselaer Polytechnic Institute developed DFT-based
atomistic modeling of vdW forces. Quantum mechanic (H; particle) corrections for H,
physisorption were also investigated by Rice University (Rice). Quantum corrections
were incorporated by Feynman-Hibbs variational treatments and showed that corrections
can be significant even at RT and are essential for realistic comparison of simulations
with the experiments.

2.11.2 Continuum and Other Modeling Approaches

Continuum models were used in to help engineer nanospaces for optimal capacity of
hydrogen adsorption. Basic quantities, such as density of sorption sites and intrinsic
microscopic capacity, are introduced for characterization of the sorbent. Based on these
equations, the relationship between the volumetric and gravimetric capacities can be
deduced through material density. Based on this model, the maximum SSA and optimal
pore size for physisorption materials are derived.

In general, two different groups within the HSCoE investigated the use of Grand
Canonical Monte-Carlo (GCMC) simulations to provide accurate predictions of hydrogen
capacities for sorbents. The GCMC calculation accuracy hinges on the choice of the
interaction potential. Because there are several available potentials, it becomes really
difficult to select one prior to the measurement so that good predictions can be made.
Because of the light weight of the H, molecule, it cannot be treated as a fully classical
fluid. To achieve a reasonable accuracy for comparisons, quantum corrections must be
included via the Feynman-Hibbs variational treatment. HSCoE results indicate that
quantum effects always reduce the capacity, and they should be accounted for even at
RT. At best, the GCMC calculations can be used to determine lower and upper bounds
for hydrogen storage capacities at different temperatures and pressures. Thus, the
calculated values provide a range between what the actual sorbent capacity should be.
However, all too often researchers report only the upper bound capacity and do not
provide well-founded predictions for material capacities.
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2.12 Down-Select Criteria

The HSCoE development efforts were grouped into four focus areas, which were based
on material classes that could be used to meet DOE hydrogen storage system targets for
light-duty vehicles. The four classes were entitled Optimized Nanostructures, Substituted
Materials, Strong Binding/Multiple Dihydrogen Interactions, and Weak
Chemisorption/Spillover. Within each area, the HSCoE developed a set of selection
criteria for the most critical material properties to help quickly identify sorbents that
should be developed and those that should not be investigated further. These criteria are
summarized in Table 2-2.

The selection criteria did not replace the DOE hydrogen-storage targets, but allowed
materials to be developed that did not yet meet some of the targets. In most cases, the
materials being developed had to have a clear potential to either meet the DOE hydrogen
storage targets or provide useful insights into specific properties of interest to help make
materials that could meet them. An important consideration was the fact that the sorbent’s
binding energy significantly affects the hydrogen storage system cost, net available
volumetric and gravimetric capacities, and operating conditions. Thus, as the binding
energies increase, the gravimetric capacity increases at higher temperatures and lower
pressures. This critical point means that hydrogen storage systems become less expensive
with optimal binding energies. Thus, the selection criteria used for each material class
were adjusted to allow less developed materials to be considered, because, in principle,
meeting the DOE targets becomes easier with higher hydrogen binding energies.

Because each material class has unique issues for meeting DOE’s targets, a separate set
of selection criteria was used to help address the critical development needs that must be
met to be successful. The specific selection criteria for each class are provided below.

e Optimized Nanostructures for Physisorption (nominally 77 K storage)
o The material's gravimetric storage capacity should be approximately
0.03 kg Ha/kg with a volumetric storage capacity of approximately
0.03 kg H2/L, a possible temperature range of 77-200 K, and a nominal
pressure range of 30-100 bar—with a clear potential for further
improvement.
o The high-pressure adsorption isotherm should be >80% reversible, i.e., at
least 80% of the stored hydrogen is desorbed or discharged between 77
and 200 K, at nominal fuel cell operating pressures.
o The desorption or discharge rate at 77-200 K should more than 0.4 g/s.
o The charge rate should have 90% of the H, adsorbed by the material at
77-200 K within 3.3 min.
o Material cost projections should be less than half the system cost targets.
e Substituted Materials
o The initial binding energy should be in the range of 10-25 kJ/mol, and the
material should operate within a temperature range of 77-353 K and
pressure range of 30—100 bar. There should be a clear potential for
gravimetric and volumetric capacity optimization.
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The high-pressure adsorption isotherm should be >80% reversible, i.e., at
least 80% of the stored hydrogen is desorbed or discharged between 77
and 353 K, for nominal fuel cell operating pressures.

The desorption or discharge rate at 77—-200 K should more than 0.4 g/s.
The charge rate at 77-353 K should meet or be within 90% of the DOE
target of 3 min for 5 kg Ho.

Material cost projections should be less than half of the system cost
targets.

e Strong/Multiple Dihydrogen Interactions

o
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The initial binding energy should be in the range of 10-25 kJ/mol, and the
material should operate within a temperature range of 77-353 K and
pressure range of 30—100 bar. There should be a clear potential for
gravimetric and volumetric capacities optimization.

The high-pressure adsorption isotherm should be >80% reversible, i.e., at
least 80% of the stored hydrogen is desorbed or discharged between 77
and 353 K, for nominal fuel cell operating pressures.

The desorption or discharge rate at 77—-200 K should more than 0.4 g/s.
The charge rate at 77-353 K should meet or be within 90% of the DOE
target of 3.3 min for 5 kg Ho.

Materials cost projections should be less than 75% of the system cost
targets.

e Weak Chemisorption/Spillover

o

The material's gravimetric storage capacity should be approximately
0.01 kg Ha/kg with a volumetric storage capacity of approximately

0.01 kg H2/L, a possible temperature range of 298-353 K at 100 bar, and
with a clear potential for further improvement.

The high-pressure adsorption isotherm should be >80% reversible, i.e., at
least 80% of the stored hydrogen is desorbed or discharged with a
temperature that does not exceed 353 K, for a nominal fuel cell operating
pressure.

The desorption or discharge rate at 77—200 K should more than 0.4 g/s.
The charge rate at 298-353 K should not exceed 10 h for a full charge of
5 kg Ho.

Materials cost projections should be less than 75% the system cost targets.

HSCoE Final Report — 56



Table 2-2. Selection Criteria for Sorbent Material Classes

. . Strong Weak
Cs:g/r?)gi?slg S&ngrtil;gd Binding/Multiple | Chemisorption/
H, Metal Centers Spillover

Volumetric Storage 0.03 Potential to be Potential to be 0.01°
Capacity (kg Ha/L) ' >0.04 >0.04 '
Excess Gravimetric . .
Storage Capacity 0.03 Pote:(t;e(m)léo be Poteggegéo be 0.01¢
(kg-Ho/kg) ' '
pressure Range 30-100 30-100 30-100 ~100
(bar)
5('3/(’”'1’:)%'5””93’ NA 10-25 10-40 10 to 30
;er?geer(fg)“re 77-200 77-353 77-353 298-353
Adsorption
Isotherm >80% >80% >80% >80%
Reversibility”
Desorption Rate for
5-kg H, Storage >0.4 g/s >0.4 g/s >0.4 g/s >0.4 g/s
Total
Charge Rate in o o o
3.3 min. for 5 kg H," 90% 90% 90% €
Full-Scale Material
g;ssttefnroé%‘:stf”s by <50% <50% <75% <75%
Targets

& At nominal 77 K storage

® At nominal fuel cell operating pressures (i.e., ~4 bar)

¢ DOE target. For spillover, charge rates adjusted for materials with potential to meet target.

4 Must have clear potential for improvement

¢ Since loading is still a substantial issue for spillover, charge rates should not exceed 10 h for full
charge of 5 kg Hz and there must be a clear path to meeting DOE targets.

2.13 Material Properties and Systems Investigated

2.13.1 Overview

As stated above, sorbents have relatively low dihydrogen binding energies, which
directly affect storage temperature. This adversely impacts system costs, volumetric
capacity, and available gravimetric capacity. Thus, the HSCoE’s applied development
efforts focused on optimizing hydrogen storage adsorption spaces and enhancing
hydrogen binding energies. This required balancing improved hydrogen storage system
costs and capacities with perhaps adversely affected material contamination sensitivity,
durability, refill rates, and material costs issues. The HSCoE used material and material
class selection criteria to identify potential sorbents and mechanisms for focused
development efforts. Thus, the HSCoE quickly identified a few selected material classes
and their required properties, which then received the bulk of the development work.

As discussed in Section 2.1, the HSCoE focused on four main classes of sorbents for
hydrogen storage: Optimized Nanostructures, Substituted Materials, Strong/Multiple
Dihydrogen Interactions, and Weak Chemisorption. Within these main sorbent classes,
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efforts were typically limited to development of materials with clear viability for meeting
DOE targets. For example, regardless of the specific elements used, a pure physisorption
material needed to have high SSA (2500 to 3000 m?/g) in order to have the required
space to store sufficient amounts of hydrogen. This requirement alone eliminated
hundreds of elements that are just too heavy if only a physisorption-based hydrogen
storage mechanism is used. Thus, lightweight elements such as carbon, boron, and
nitrogen in open-pore structures received the bulk of the development efforts for
physisorption-based materials.

Improving sorbent properties for hydrogen storage beyond that attained with weak
physisorption materials requires substantial increases in binding energy that improves
capacities at higher temperatures, toward ambient. In the select few cases where binding
energies can be increased, the stringent SSA and pore-size distribution criteria applied to
weak physisorbents is different, even though material space optimization will still be
important. From its inception, the HSCoE investigated several methodologies and
material systems to increase the intrinsic binding energy of H,. Based on these efforts,
numerous materials were down-selected, and a select few materials/material classes were
identified as having the potential to be used to meet DOE system targets. For example,
almost all lightweight elements (e.g., Li, N, O, and F) substituted in a carbon matrix do
not significantly increase dihydrogen binding. Only Be and B substantially increase
dihydrogen binding energy when substituted in carbon in the appropriate coordination.
Through calculations and a limited number of specific experimental investigations, it
became clear that only correctly coordinated B substituted in graphitic carbon was a
viable route to improve hydrogen storage for substituted carbon materials; thus the use of
other lightweight elements was limited. In terms of carbon materials, this eliminated the
need to perform experimental investigations on hundreds of potential element/process
combinations for this material class.

Metal centers in MOFs or equivalent materials bind dihydrogen in the 10-15 kJ/mol
range, which is sufficient for near-ambient temperature (150 to 220 K) storage. The main
issue with all of these types of materials is that a high number of these binding sites must
be uniformly dispersed and accessible in to have the enhanced hydrogen adsorption
properties available for a significant fraction of the material storage capacity. Thus, the
HSCoE also investigated sorbents with the ability to adsorb multiple dihydrogens on
designed sites. Several inexpensive material systems and synthetic pathways (e.g.,
calcium [Ca] integrated with graphene and other framework materials) were identified
that may be used to meet DOE’s ultimate targets. These systems and pathways, however,
require substantial applied development efforts to achieve the breakthroughs necessary to
form the novel structures that have enhanced dihydrogen binding for the entire capacity
range. Even so, the basic principles of forming multiple-dihydrogen bonding on these
sites with 15 to 40 kJ/mol binding energies were demonstrated experimentally.
Furthermore, the potential to store H, at ambient temperature and nominal pressures
between 10 and 50 bar with theoretical densities greater than twice that of liquid
hydrogen make these development efforts highly promising.

The HSCoE also investigated methodologies to store dissociated hydrogen molecules
(e.g., hydrogen atoms). Unlike the work to increase binding for dihydrogen, the key issue
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here was actually developing ways to store dissociated hydrogen with binding energies
substantially lower than those typically observed for hydride formation. Among the more
promising material classes, the HSCoE demonstrated that catalyzed hydrogen molecule
dissociation followed by “spillover” onto lightweight receptor support materials enable
ambient-temperature storage with binding energies in the range of 10 to 25 kJ/mol.
Although the phenomenon of spillover has been known for many decades, HSCoE
partners demonstrated that this material class could be used to store substantial (>30 g/L
and >4 wt %) amounts of hydrogen at near-ambient temperature and at nominal
pressures. The HSCoE demonstrated spillover both experimentally and by
thermodynamic principles as a process for ambient-temperature, reversible hydrogen
storage. However, the materials have tended to be very sensitive to synthetic processing
conditions, resulting in substantial irreproducibilities.

With currently demonstrated bulk-material packing densities and hydrogen storage
properties, sorbent materials substantially decrease the volume and pressure now used for
high-pressure (350 to 700 bar) compressed tanks, and thus could significantly reduce
overall system costs. In addition to the specific performance issues for each material class
discussed previously, developing material synthetic processes and pathways that are
scalable, inexpensive, and reproducible—and producing materials that can meet the DOE
system cost targets—remains a challenge that must be aggressively pursued in all cases.

2.13.2 Optimized Nanostructures

The HSCoE rationally designed and developed methods to synthesize sorbents with the
appropriate nanostructures and compositions for optimal hydrogen storage. The HSCoE
had groups that investigated methods to enhance physisorption through geometric
configurations, and to form nanostructures with just the right pore sizes where as much
access to the surfaces as possible was available for hydrogen sorption. In general, storage
capacities increase with higher SSAs and higher bulk densities. While these are
necessary requirements for high storage capacities, other factors, including optimized
pore sizes and enhanced binding energies for the entire capacity range, are also
important. The HSCoE focused efforts to improve all of these material properties
independently and simultaneously. However, it continues to be non-trivial to achieve
both the high SSA and the micropore diameters (i.e., 0.7 to 1.5 nm) necessary for
optimized H, storage (see, for example, Patchkovskii et al. 2005). Many methods such as
activation (Guo et al. 2008) and inorganic or organic templating (see, for example, Yang,
Xia, and Mokaya 2007; Sakintuna and Yurum 2005) SWNT scaffolds, SWNHs (see, for
example, Puretzky et al. 2008; Geohegan et al. 2007), and self-organizing MOFs (see, for
example, Collins and Zhou 2007; Wong-Foy, Matzger, and Yaghi 2006) or equivalent
materials were used to achieve such porous materials.

As part of the HSCoE efforts, predictive models were developed to understand the
physisorption interactions of hydrogen with high-SSA materials and to understand the
relationship between geometrical configurations and storage capacities. The number of
sorption sites per unit mass is:

Ds = Ns/M = SSSA/SO (5)
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where, Ng, M, Sssa, and Sg are, respectively, the number of sorption sites, mass of the
sorbent material, SSA, and area per sorption site. The gravimetric capacity (C,,) and
volumetric capacity (C,) can be expressed as:

CW = Nan /M = DSnH, and Cv = DSnHDHSM = CWDHSM (6)

where ny and Dusy are the number of H atoms per site and density of the hydrogen
storage material. Based on these equations, it can be inferred that (i) volumetric capacity
scales with gravimetric capacity through material density, and (ii) simultaneous increase
of the volumetric capacity and the gravimetric capacity requires increasing both the SSA
and the material density, which means that larger voids should be removed.

For physisorption, the H, binding energy is determined by the effective contact area. The
simplest H. sorbent is perhaps a sp>-bonding network of pure carbon, in which the closed
electronic shell and strong C-C bonds leave no reactive sites for hydrogen chemisorption,
thus only physisorption of hydrogen molecules is allowed in a weak dispersive force field
(i.e., vdW interaction). Strict computation of the vdW force quantum mechanically at the
atomic level is still a challenge. Even if the continuum dispersive force potential is
known, because of its small mass, a H, molecule often has to be treated as a quantum-
mechanical particle. An accurate and efficient calculation of vdW interactions within
density functional theory may be achieved using a local atomic potential approach (Sun
et al. 2008). Here, a simple continuum model is employed in which the binding energy of
physisorbed H, is proportional to the effective contact area, s, per hydrogen molecule on
the surface of the sorbent. That is Eb = s BO, where BO can be calibrated with the binding
energy of a hydrogen molecule encapsulated in an ideally spherical shell with a radius of
rQ2, which is the equilibrium distance of the vdW interaction between the H, molecule
and the shell. Using H,@C60 as a gauging system with a known binding energy of

0.3 eV/H; or 7 kcal/mol (Slanina et al. 2006) and an effective contact area of SQ =
ATIrQ2 = 1.453 nm?, then BO = 0.207 eV/nm? is obtained. It is known that the binding
energy of an H, physisorbed to a flat surface is ~0.04 eV/H, therefore, the effective
contact surface area of an H, molecule to such a flat surface is SIT = 0.19 nm?/Hs.
Interestingly, this effective contact area is comparable to the geometrical occupancy area
of 0.14 nm?/H,, estimated within different methods (Panella et al. 2005; Nijkamp et al.
2001), and that of 0.17 nm?/H,, measured at 77 K and 1 bar (Zuttel et al. 2004). These
equations and the parameters BO, st measure the binding strength of H, molecules in the
dispersive force field, independent of the material. Based on these results for
physisorption, a capacity of 6 wt % and 50 g/L at a binding energy of 15 kJ/mol requires
a material with a SSA of 11,500 m?/g and optimized pore sizes of 3.2 A. This is a big
challenge from a sorbent standpoint. While this model is very simplistic, it highlights the
intrinsic difficulty in creating sorbents with sufficient SSA and binding energy to meet
the challenging DOE 2015 hydrogen storage targets.

Additional calculations indicated that other coordination states (e.g., sp and sp®) do not
improve binding energy or capacities, and thus the HSCoE had to develop other methods
besides physisorption for ambient-temperature hydrogen storage. Because SSAs and
physisorption binding energies of typical carbons are only in the range of 2500 to

4000 g/m? and ~5 kJ/mol, respectively, it is clear that achieving the desired capacities
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requires substantially different approaches. For physisorption, this means the pore sizes
need to be increased to the point that a hydrogen molecule interacts with only one wall to
allow enough space for a sufficient capacity to be achieved. However, this decreases
binding energies, and thus substantially lower storage temperatures are required to
achieve the desired capacities. However, because volumetric capacity scales directly with
the gravimetric capacity through material density, to simultaneously increase volumetric
and gravimetric capacities, both SSA and material density must be increased while
minimizing void size (see Figure 2-5).
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Figure 2-5. Optimal pore size for maximization of volumetric capacity: low density and
large pore size (left) may lead to low volumetric capacity because of the unused voids.
Optimal pore size and material density can maximize the volumetric capacity (right).

Typical high-SSA carbons such as activated carbons and carbon aerogels generally show
great promise for use in storage tanks, but the pore size distributions in these materials
range from microporous (<2 nm) to macroporous (>50 nm), resulting in poor volumetric
densities. Framework structures also typically have a range of free-space dimensions that
can be in the mesoporous regime (2 to 50 nm), making a number of these materials less
than ideal for hydrogen storage applications. Moreover, typical sorption enthalpies of 4 to
6 kJ/mol are close to thermal energies, requiring low temperatures if large quantities of
hydrogen are to be stored. At the outset of the HSCoE, the literature was replete with
reports of hydrogen storage materials where exceptional sorption capacities were
attributed to novel geometric structures (see Zlotea, Moretto, and Steriotis 2009). In
addition, researchers predicted that structures with accessible vdW spaces and pore sizes
in the 0.6 to 0.9 nm? range could increase hydrogen binding and capacity via a
superposition of potentials.

Within the HSCoE, different synthetic techniques and geometric structures were
investigated to determine which provided the best materials for physisorption-based
hydrogen storage. The processes included using synthesis techniques, creating
appropriately sized pores in dense materials, and constructing self-assembled crystal
structures with open pores. Previous to the start of the HSCoE, considerable work had
been done developing “activated” and “superactivated” carbons, with materials such as
AX-21 representing the state of the art in sorbents. Sorbents such as AX-21 have ~5 wt %
maximum excess hydrogen storage capacity at ~80 K with ~30 bar pressures, but
resulting from their relatively large pore sizes (e.g., 1 to 4 nm), their bulk densities are
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relatively low (e.g. ~0.3 g/mL), and thus their volumetric hydrogen storage capacities are
only ~15 g/L. These superactivated carbons are formed from using pyrolysis and/or
chemical treatment techniques that create pores in bulk natural carbons. The HSCoE
investigated ways to optimize similar techniques to create sorbents with more optimal
pore sizes for hydrogen that range from ~0.7 to 2 nm. These efforts were supported by
predictions that the different types of physisorption sites have limited effects on
molecular hydrogen (see Figure 2-6). Thus, the focus remained on geometries, and the
HSCoE investigated a number of routes to creating sorbents with optimal pore structures.

Specifically, the HSCoE synthesized new high-SSA physisorption materials with
optimal uniform pore sizes using a variety of scalable/inexpensive processes, including:

e Pyrolization of organic materials such as polyetheretherketone (PEEK) and
corncobs

Chemical synthesis and/or intercalation of exfoliated graphite/graphene
Vapor synthesis and scaffolding/foams of carbon nanotubes and nanohorns
Templating to form structures such as zeolite templated carbons and BCy
Inexpensive and scalable aerogel synthesis for H, storage and metal hydride
scaffolding

e Crystalline porous MOFs or polymers.

Although not exhaustive, the processes and materials investigated by the HScoE provided
a good representative set of sorbents from which specific conclusions and
recommendations for future efforts were made.
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Figure 2-6. Binding of H, to activated carbon sites with various types of dangling bonds
(left) in comparison to that bound to carbon sites without dangling binding (right). The
atomic structures of small hydrocarbon segments with dangling sp3 o-bonds and sp2 -
bonds mimic activated carbon surfaces. The H, binding energy was calculated, and no
noticeable enhancement of binding energy was observed. This result indicates that
activation of carbon surfaces does not lead to stronger physisorption.
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2.13.2.1 Pyrolization of Organic Materials

The University of Missouri leveraged its capabilities to synthesize high-SSA carbons
produced from pyrolysis and potassium hydroxide (KOH) activation of corncobs to form
reversible on-vehicle hydrogen storage sorbents with relatively high gravimetric and
volumetric storage capacities. Missouri adjusted its processes to form sorbents with pore
sizes between 0.5 and 2 nm, with 2500 to 3300 m%g SSAs. Missouri’s ultimate goal,
which includes performing work that will continue past the HSCOE, is to increase SSAs
further by inducing fission tracks from boron implantation where the B creates more
holes in the graphene materials and perhaps raises the isosteric heat of adsorption. Initial
porous carbon sorbents with approximately 5 wt % excess gravimetric capacities have
been synthesized. As yet, the boron implantation has not produced sorbents with
significant hydrogen storage capacities.

Conducting Polymers

Based on reports by Cho and coauthors (2002), Penn within the HSCoE investigated the
use of doped (metallic) forms of the organic conducting polymers (“synthetic metals™)
polyaniline and polypyrrole. These materials reportedly stored approximately 8 wt %
(reversible) hydrogen gas at ambient temperature. Polyaniline is a unique type of
conducting polymer in which the charge delocalization can, in principle, offer multiple
sites on the polymer backbone for the adsorption and desorption of hydrogen, involving
weakening of the H-H bond followed by spillover adsorption of this hydrogen onto the
adjacent nano-fibrous network. Thus, the Penn group members, who are world-renowned
experts in conducting polymers, investigated the use of polyaniline in its different
oxidation states (doped and non-doped forms) and other conducting polymers (e.g.,
polypyrrole) for optimization of hydrogen storage applications. Specific activities were
performed to understand the fundamental mechanisms involved and to determine the
hydrogen sorption performance.

Polyaniline nanofibers were synthesized systematically with different oxidation states
(e.g., emeraldine), and measurements were performed to characterize their hydrogen
storage properties. For example, UNC conducted 1H-NMR measurement on the
polyaniline nanofibers, but did not observe any significant hydrogen adsorption.
However, both TPD and 1H-NMR results showed unusual features during the hydrogen
adsorption process, which seemed to depend on the amount of water previously adsorbed
by the polyaniline sample. Based on the work from this ~2-year effort, which was not
able to synthesize any samples with significant hydrogen storage capacities, the project
was stopped at the end of Phase 1 of the HSCoE.

PEEK-Derived Microporous Carbon Materials

Unlike other activation processes that use KOH treatments (Guo et al. 2008), Duke
University (Duke) used water and CO, treatments to create highly porous sorbents from
PEEK (Cansado et al. 2007). This simple, robust method does not require the removal of
caustic chemicals while enabling sufficient control to adjust pore sizes and SSAs. This
method relies on the oxidization of the PEEK structure to create well-defined pores.
Using these techniques, Duke produced samples with large SSAs (>3000 m?/g), small
pore-diameter distributions (predominantly <3 nm), and large cumulative pore volumes
(~1.7 cm®/g). Thus, Duke developed methods that could be used to tune sorbents for
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optimal storage of H,. These techniques should be applicable to other structured starting
materials like the porous polymers synthesized by ANL.

2.13.2.2 Chemical Synthesis and/or Intercalation of Exfoliated
Graphite/Graphene

Graphene, a 2-D carbon nanomaterial (Stankovich et al. 2006; Novoselov et al. 2004) and
graphene-based pillared nanostructures may have potential for hydrogen storage (Jin et
al. 2011). The graphene layers in materials such as graphite are very chemically stable
and potentially have very high SSA. These layers in graphite are accessible to intercalants
including protons and alkali metals. However, the space between graphene layers is too
small for dihydrogen to access, and even if it could, the capacity would be too small to
meet DOE hydrogen storage targets. Experimental results indicate that the hydrogen
uptake capacity of thermally exfoliated graphene derived from graphite oxide (GO)
(McAllister et al. 2007; Schniepp et al. 2006) increases linearly with the surface area
(Ghosh et al. 2008). But these materials need further improvement in hydrogen capacity
to be able to meet DOE hydrogen storage targets. Rice leveraged its expertise with
SWCN:s to develop sorbents based on graphene and insertion of proppants to engineer
appropriate nanostructures.

The original graphene material was obtained by rapidly heating GO, synthesized by the
Hummers method (Hummers and Offeman 1958) to 1000°C in 1 min under a Hy/Ar

(50 sccm/500 sccm) gas flow. The graphene was then annealed at 1000°C in the H,/Ar
gas flow for 15 min. In this modified procedure, H, was introduced to remove most of the
oxygen content. The graphene was functionalized and crosslinked using diazonium
modification in super acids such as chlorosulfonic acid or oleum (Behabtu et al. 2010;
Hudson, Casavant, and Tour 2004). In this form, proppants that worked well for carbon
nanotubes as sidewall functional groups, including aryl sulfonates, methyl di-aniline, and
t-butyl aniline, were incorporated to hold the graphene apart (Lomeda et al. 2008). These
graphene-based sorbents had a significantly higher hydrogen storage capacity compared
to typical porous carbons on a per-SSA basis. However, substantial improvement is
needed to reach the predicted SSAs and hydrogen storage capacities for these types of
materials. Based on the materials and procedures used, Rice estimates that commercial
production of these types of materials with the potential to storage ~7 wt % hydrogen
could cost less than 45/kg (less than $70/kg H, stored). In addition, the functionalized
procedures developed for these scaffolded graphene materials may be used for
incorporation of metal centers and materials with enhanced electrostatic attraction of the
hydrogen into the nanopore.

In a complementary effort, Caltech used alkali metal-intercalated graphite to study the
effects of multiple walled binding, uniform isosteric heats of adsoption for the entire
capacity range, and alkali metal-enhanced storage of hydrogen. The alkali metals
intercalate readily into graphite, forming a hydrogen storage material with the alkali
metal between every third graphene layer. Caltech demonstrated that the multiple walls
double or triple the hydrogen isosteric heat of adsorption; the uniform slit pores provide
uniform binding over the entire storage capacity range, and the alkali metal atoms
provide enhanced dihydrogen binding.
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2.13.2.3 Vapor Synthesis and Scaffolding/Foams of Carbon Nanotubes and
Nanohorns

Carbon Nanotubes

At the outset of the HSCoE, considerable effort was dedicated to investigating the use of
single-walled carbon nanotubes (SWCTs) for hydrogen storage. This level of interest
resulted from numerous reports in the literature of hydrogen storage capacity results
ranging from O to more than 20 wt % at ambient temperature. These diverse results were
initially explained by unique geometric features of nanotubes along with substantial
differences in nanotube synthesis and purification. The HSCoE used laser vaporization
(NREL), arc (NREL, Penn State), and chemical vapor (NREL, Duke, Rice) synthesis
techniques, along with systematically controlled purification processes to make an array
of different nanotube materials with different properties. Different nanotubes were made
by different HSCoE partners and evaluated at multiple institutions to ensure the accuracy
of the measurements. For example, NREL used materials from different institutions to
prepare a number of samples where the hydrogen storage capacities were validated at
both NREL and Southwest Research Institute (SwRI). Rice developed carbon nanotubes,
nanotube foams, and nanotube scaffolds, along with capabilities that estimated the
potential capacities of the different structures. Duke synthesized very small diameter (i.e.,
less than 1 nm) carbon nanotubes to investigate curvature effects on hydrogen storage.

Ultimately, at the end of the approximate 2-year focused effort, the HSCoE found that
differences in measured hydrogen storage capacity could not be correlated with specific
carbon nanotube synthesis methods or with various properties of the carbon nanotube
structure. Furthermore, no exceptional hydrogen storage capacities were identified. In
general, the hydrogen storage capacities of carbon nanotubes are similar to other porous
carbon sorbents, with similar SSAs and isosteric heats of adsorption. Although the
number of publications and the worldwide level of effort on carbon nanotube research
and development for hydrogen storage have continued to grow in the last decade and
important progress has been achieved, the HSCoE could not rectify the uncertainty in
many reported hydrogen storage capacity results for pure, undoped samples.

Ultimately, the DOE Fuel Cell Technologies Program used input obtained through a
Federal Register Notice, the open peer-reviewed literature, and technical feedback from
the FreedomCAR and Fuel Partnership and DOE researchers to make a “No-Go” decision
on future investment in pure, undoped SWNTSs for ambient-temperature vehicular
hydrogen storage applications. At ambient temperature, carbon nanotubes typically had
less than 0.2 wt % excess hydrogen adsorption, and the best samples only had
approximately 800 to 1100 m%/g SSAs. Regardless of size, scaffolding, or
functionalization, the best carbon nanotube materials had only ~3 wt % excess adsorption
at 77 K and ~20 bar pressures. While the HSCoE concluded that it should be possible to
make an idealized array of carbon nanotubes that may be able to exceed 6 wt % at 77 K,
the focused efforts by the center were not able to get close to this capacity, and
ultimately, most of the carbon nanotube activities were redirected to other development
efforts with a greater potential to synthesize materials that could be used to meet DOE
targets.
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Single-Walled Carbon Nanohorns
One of the main problems associated with carbon nanotubes is that their long uniform
geometries result in significant bundling, making substantial amounts of the surfaces
inaccessible to hydrogen. Although the vdW forces that induce this bundling are
relatively weak, the long lengths of the nanotubes creates sufficient attraction that it
proved difficult to keep the tubes separated, even with cross-linked ligands. To directly
address this issue, HSCoE partner Oak Ridge National Laboratory (ORNL) investigated
the use of single-walled carbon nanohorns (SWNHSs). SWNHs are carbon nanostructures
with a unique morphology in which cone-shaped carbon structures are joined at the
center, thus eliminating bundling and automatically creating high-SSA materials. Carbon
nanohorn aggregates are assembled from the “bottom up” from individual nanohorns.
Nanohorns are cone-shaped, atomic-layer-thick nanostructures that contain preferred
hydrogen adsorption sites in their tips and have
variable internal and interstitial pores that have been
shown to contain hydrogen at liquid hydrogen density
or higher (Figure 2-7). SWNHs are easily produced in
large quantities, and have been shown to serve as
excellent metal catalyst supports for fuel cells and
batteries in addition to their potential as sorbents.
Thus, SWNHs can be functionalized by tailoring their
pores and by metal decoration to optimize their
hydrogen storage capacities.

ORNL developed SWNHs with high SSAs (>2100
m?/g) and optimized their geometries for containing
high volumetric densities while increasing their
binding strength to hydrogen with incorporation of
functional groups, substitutions, and incorporation of
metal. The shape of individual nanohorns was tuned
during synthesis to find morphologies with adsorption
sites and high binding energies. For example, NMR
results performed by UNC demonstrated that the 2
hydrogen was preferentially stored in sub-nm pores in Figure 2-7. Aggregates of

large and small nanohorns, opened and unopened by “short” and “long” single-wall
oxidation. The interstitial pores in large nanohorns carbon nanohorns produced by
tore hydrogen in smaller pores than the internal pores laser vaporization. Schematic
S yarog P : i P representation of individual
of small nanohorns. The nanohorn innate interstitial nanohorns is shown.

pores were tuned by oxidative treatments and other

processing techniques (e.g., heat, compression). ORNL synthesized pure SWNH
materials with >3.5 wt % excess hydrogen adsorption at 77 K, and bulk densities
>1 g/ml.

2.13.2.4 Templating

In general, materials with high SSA can be created via pyrolysis processing of non-
porous materials. However, materials made this way tend to have heterogeneous surface
structures and a broad range of pore sizes, many of which are too large and thus have a
substantial fraction of the hydrogen residing in the gas state rather than adsorbed onto
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surfaces. Creating optimized geometric structures in which all of the sorption sites are
accessible to hydrogen requires the careful design of materials and the processes used.

This issue is the same regardless of the sorption mechanism being employed, but does
require that the structures be optimized for the desired type and conditions of the
hydrogen storage. Templating is one technique employed by HSCoE partners, including
NREL, Penn State, Caltech, and Duke, to enable systematic investigations of how
specific structures and compositions affect hydrogen storage properties. Templating
involves the vapor or chemical-phase deposition of a partial or full layer of material onto
a porous structure. If, for example, carbon is coated onto a zeolite template, the zeolite
template can be removed via chemical or vapor processing, leaving behind a porous
carbon material that matches the geometric structure of the removed zeolite template.
This type of process has been used to make highly porous carbon materials (i.e., with
SSAs >3500 m?/g) with pores that are nearly identical to the zeolite, resulting in materials
with ~7 wt % hydrogen storage capacities (Yang, Xia, and Mokaya 2007).

Most of the template work performed by the HSCoE was focused on forming
heterogeneous (substituted) materials and is discussed more in these sections later in the
document. However, NREL developed templating techniques specifically to make novel
lightweight hydrogen storage materials with optimal pore structures mimicking the
template chosen. This technique accelerated development by increasing the synthesis rate
of appropriate materials in which all the higher hydrogen binding sites are accessible. In
general, NREL found that templated carbons with SSAs in the range of ~2000 m?/g are
easily synthesized. However, higher SSAs with smaller pore sizes are more difficult.
Furthermore, NIST, in collaboration with Monash at the University of Australia,
investigated the general hydrogen dynamics in zeolite-templated microporous carbons.
The pore structures in the templated carbon are such that the inelastic neutron scattering
of the hydrogen spectra are broad and liquidlike; there seems to be two types of hydrogen
diffusing on two different timescales at 77 K as determined by QENS.

2.13.2.5 Inexpensive/Scalable Aerogels for H, Storage and Metal Hydride
Scaffolding

Carbon aerogels (CAs) comprise another class of carbons/processing that can serve as
effective physisorbents for molecular hydrogen. In general, aerogels can be made from
inexpensive solution-phase sol-gel polymerization followed by pyrolyzation. Thus,
aerogel synthesis is scalable and applicable to commercial manufacturing. However, prior
to the HSCoE, little was known about the hydrogen sorption properties of CAs.

To close that gap, Lawrence Livermore National Laboratory (LLNL) leveraged its
expertise with aerogels to perform focused development of CA synthesis techniques that
produced hydrogen sorbents with optimal SSAs, pore sizes, and compositions. Carbon
aerogels are typically prepared through the sol-gel polymerization of resorcinol with
formaldehyde in aqueous solution to produce organic gels that are supercritically dried
and subsequently pyrolyzed in an inert atmosphere (Fricke and Petricevic 2002; Pekala
1989). As prepared, CAs can have SSAs ranging from 200 to 1200 m%/g, depending on
the reaction formulation. The accessible surface areas in these materials can be further
increased through chemical or thermal activation processes. Chemical activation can be
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performed through heating the carbon (or carbon precursor) in concentrated acids
(H3PO,) or bases (i.e., KOH). Thermal activation of CAs involves the controlled burn-off
of carbon from the network structure in an oxidizing atmosphere such as steam, air, or
carbon dioxide at elevated temperatures. In both cases, activation creates new micropores
and opens closed porosity in the CA framework, leading to an increase in the overall
SSA.

Thermal activation using carbon dioxide proved to be the most effective method for
generating high-SSA CAs. Access to high SSAs in activated CAs also required careful
design of the pre-activated carbon framework, because the morphology of the network
structure ultimately determines the textural properties of the activated material. CAs with
larger structural features (micron-sized pores and ligaments) yielded higher-SSA
materials with thermal activation. By contrast, the microstructure of traditional CAs,
consisting of nanometer-sized carbon particles and tortuous pore structures, both limited
the surface areas attainable through activation and led to inhomogeneous burn-off in
monolithic samples. By using CAs with larger pore and particle sizes, LLNL was able to
prepare activated CA monoliths with BET SSAs in excess of 3200 m?/g (Baumann et al.
2008). These SSA values are the highest that we are aware of for CAs and are
comparable to those of the highest-SSA activated carbons. These values are also greater
than the SSA of a single graphene sheet (2630 m%/g, if both graphene surfaces are taken
into account). Presumably, edge-termination sites constitute a substantial fraction of the
SSA in these activated CAs, as is the case for traditional high-SSA activated carbons.

Interestingly, the activated CA materials remained monolithic despite the significant
mass loss during thermal treatment. This observation is important, because the ability to
readily fabricate monolithic sorbents could provide advantages in both material handling
and design of storage tanks. Examination of the CAs following activation shows that the
general framework structure was retained, but the network ligaments were smaller
relative to those of the unactivated material, which is due to burn-off of carbon from the
aerogel framework. Although the SSAs for these materials increased with increasing
activation time, the average size of the micropores formed during activation also
increased. Thus, materials with intermediate surface areas (~1500 m?/g) exhibit an
average pore size of ~1 nm, while the formation of “supermicropores” and/or small
mesopores (pores larger than 2 nm) are observed in the higher-SSA material (e.g.,
~3200 m?/g).

Previous studies have shown that size and shape of the pores in hydrogen physisorbents
play a critical role in hydrogen uptake, and that the optimal pore structure are slit-shaped
pores with diameters between 0.7 and 1 nm (Patchkovskii et al. 2005; Murata et al.
2002). Therefore, LLNL focused on developing new activation approaches that limit the
formation of these larger pores. For example, chemical activation of CAs with KOH was
examined. Although this method created CAs with narrow size distributions of
micropores and large micropore volumes, LLNL was not able to prepare materials with
SSAs comparable to those of the CO,-activated materials. Based on these results, a
hybrid activation approach might prove promising in which both thermal and chemical
activation are used to produce high-SSA CA sorbents with average micropore size of ~1
nm. In general, LLNL successfully synthesized high-SSA CAs that had >5 wt % (29 g/L)
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excess hydrogen adsorption at 77 K. This is comparable to other activated carbon
materials. However, the flexibility in the processing enabled the CAs to be optimized for
other hydrogen storage mechanisms including dispersion of single-metal atoms, spillover,
and metal hydrides.

In a parallel effort, LLNL also designed CA materials as nanoporous scaffolds for metal
hydride systems. Recent work by others (see, for example, Gross et al. 2008; Stephens et
al. 2009) demonstrated that nanostructured metal hydrides show enhanced kinetics for
reversible hydrogen storage relative to the bulk materials. This effect is diminished,
however, after several hydriding/dehydriding cycles, because the material structure
coarsens. Incorporation of the metal hydride into a porous scaffolding material can
potentially limit coarsening and, therefore, preserve the enhanced kinetics and improved
cycling behavior of the nanostructured metal hydride. Successful implementation of this
approach, however, requires the design of nanoporous solids with large accessible pore
volumes (>4 cm®/g) to minimize the gravimetric and volumetric capacity penalties
associated with the use of the scaffold. In addition, these scaffold materials should be
capable of managing thermal changes associated with the cycling of the incorporated
metal hydride. CAs are promising candidates for the design of such porous scaffolds
based on large pore volumes and tunable porosity of aerogels. Also, the synthesis of CAs
allows for the dispersion of secondary materials into the carbon matrix that can serve as
catalysts or destabilizing agents for the metal hydride and potentially influence the
transport properties of the scaffold. For example, LLNL demonstrated that the
incorporation of carbon nanotubes into the CA framework not only improves the thermal
conductivity of the scaffold, but may also affect the kinetics of dehydrogenation for
certain metal hydrides. This research is a joint effort with HRL Laboratories, a member
of the DOE Metal Hydride Center of Excellence. LLNL’s efforts focused on the design
of new CA materials that can meet the scaffolding requirements, while metal hydride
incorporation into the scaffold and evaluation of the kinetics and cycling performance of
these composites were performed at HRL.

2.13.2.6 Crystalline Porous Frameworks or Polymers

Most of the sorbent materials discussed to this point involve a large amount of disorder or
amorphous structures either at the atomic or at the larger pore size scales. However, there
are a large number of crystalline materials that have substantial porosity. As discussed
previously, many of these materials (e.g., silica and alumina-based zeolites) will probably
not be able to meet DOE hydrogen storage targets, because the elements used to construct
their frameworks are too heavy and substantial SSAs approaching 3000 m?/g cannot be
achieved. However, there are a number of crystalline materials such as MOFs, other
organic-based frameworks, and porous polymers that use lightweight elements like
carbon in the majority of their structure so that high SSAs can be achieved.

In the past decade, there has been an escalation of interest in the study of MOFs and other
framework materials based on their fascinating structures and intriguing application
potential. Their exceptionally high SSAs, uniform yet tunable pore sizes, and well-
defined adsorbate-framework interaction sites make them suitable for hydrogen storage.
Various strategies to increase the hydrogen capacity of frameworks, such as using pore
size comparable to hydrogen molecules, increasing surface area and pore volume, using
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catenation, and introducing coordinatively unsaturated metal centers (CUMCs) have been
widely explored to increase the hydrogen uptake of the frameworks. Recently, inelastic
neutron scattering and neutron powder diffraction as well as computational studies
suggest that the choice of both metal centers and ligands can play an important role in
tailoring the gas-framework interactions. In addition, those ligands containing phenyl
rings have been proven favorable for hydrogen adsorption. Frameworks with hydrogen-
uptake capacities in systems have been shown to exceed the DOE 2010 gravimetric
storage targets under reasonable pressures and cryogenic temperatures (typically 77 K).
However, the weak interaction between hydrogen molecules and frameworks is a major
hurdle limiting the hydrogen storage capacities at ambient temperature.

Within the HSCoE, TAMU (and at the start of the HSCoE, Michigan/UCLA) developed
framework materials focused on enhanced hydrogen storage capacities, especially at
temperatures approaching ambient. TAMU investigated several strategies to improve
hydrogen uptake in frameworks, including:

e Using catenation isomer pairs to evaluate the contribution from catenation to the
hydrogen uptake of a framework material. Catenation can be used to reduce pore
sizes in porous frameworks and has also been explored as an efficient method to
improve hydrogen capacity.

e Synthesizing porous frameworks with high hydrogen adsorption capacities based
on different CUMCs. The implementation of CUMCs into porous frameworks has
been considered one of the most attractive ways to improve their affinities to
hydrogen.

e Hydrogen storage studies in frameworks containing nanoscopic cages based on
double-bond-coupled di-isophthalate linkers. Those ligands containing phenyl
rings in frameworks have been proven favorable for hydrogen adsorption.

e Designing and synthesizing porous frameworks based on an anthracene
derivative, which can provide additional hydrogen binding sites to increase the
hydrogen uptake.

e Obtaining stable frameworks with high SSAs by the incorporation of mesocavities
with microwindows.

e Constructing frameworks with “close-packing” alignment of open metal sites,
which can increase the number of nearest-neighbor open metal sites of each H,-
hosting void in a 3-D framework so that they can interact directly with the guests
(H2 molecules) inside the void.

e Building up porous lanthanide frameworks and studying their potential
application in gas adsorption.

Within the HSCoE, additional framework investigations and characterizations were
performed as part of effort throughout the world to construct framework materials with
optimal hydrogen storage properties. Other efforts included:
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e Synthesis and characterization of frameworks such as MOF-177, MIL-53, U.
Nottingham Cu-based MOFs, and covalent organic frameworks (COFs) by
Caltech.

e NIST in collaboration with A. Dailly at General Motors investigated the origin of
hysteretic sorption curves in flexible MIL-53 frameworks. NIST determined that
the framework flexes without the influence of the adsorbate on cooling and
located the hydrogen adsorption sites at 4 K and through the hysteresis loop at
77 K. NIST determined the relative magnitude of the breathing effect through
adsorption of other gases and determined that an H,-saturated closed pore can trap
hydrogen to about 110 K, but that this retention competes with the tendency of the
framework to open with increasing temperature.

Similar to framework materials, porous polymers provide another set of crystalline
materials with potential for hydrogen storage. Polymers have excellent thermal stability,
tolerance to moisture and other contaminants, low skeleton density, and intrinsic porosity
via covalent bonds and are capable of maintaining high SSA under the high pressures
used in pelletizing for better volumetric density. Furthermore, they can be produced at the
commercial scale with existing industrial infrastructure. Significant progress has been
made in developing polymers as gas adsorbents (see for example McKeown et al. 2006
and Yuan et al. 2009)

Within the HSCoE, ANL in partnership with the University of Chicago focused on
improving hydrogen uptake capacity and the heat of adsorption by enhancing SSA,
porosity, and framework-adsorbate interaction through rational design and synthesis at
the molecular level. ANL focused on improving the SSA of polymers and making porous
polymers with narrow pore diameters. ANL also investigated adding “metallic” features,
either through w-conjugation or metal substitution, to promote electronic orbital
interaction with hydrogen. The SSAs and porosity were systematically adjusted using
simple aromatic monomers with contorted cores and hyper-crosslinking chemistry. In
addition, nanoporous polymers with monomers containing heterocyclic functional groups
for better conductivity or polarizability were investigated. Through these efforts, dozens
of different structures were synthesized and characterized. Porous polymers with SSAs as
high as ~1900 m%/g and tunable pore sizes from 0.6 to 0.9 nm were prepared. Additional
work will need to focus on increasing the SSAs and hydrogen storage capacities further,
and study the H,-polymer interactions with high-pressure 1H NMR measurement to
determine the state of hydrogen in the micropores.

2.13.3 Substituted Materials

For most pure materials, or materials with electronic configurations that induce no
significant adsorption, the primary adsorption mechanism is physisorption, which
typically has enthalpies of ~5 kJ/mol for interaction with a single surface. Enhanced
physisorption binding energies (i.e., 5 to 15 kJ/mol) are often observed with high-SSA
materials. This is primarily a result of interaction with multiple adsorption surfaces that
then limits the ultimate achievable capacity. Typically, increased binding energies, lower
temperature, and/or higher pressures are required to overcome the intrinsic repelling
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forces between dihydrogens to yield higher storage capacities on the sorbent surface at a
specific temperature and/or pressure.
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Figure 2-8. Calculations predict that only electronically frustrated B and Be substituted in
carbon with correct coordination significantly increase H, binding (e.g., ~11 kJ/mol) and
capacities at temperatures approaching ambient.

To go beyond pure physisorption requires enhanced electron interactions between the
sorption material and dihydrogen. In general, heterogeneous elemental structures or
surface functionalization can induce enhanced electron interactions. However, after
relatively comprehensive investigations, very few material systems were identified with
the potential to enhance dihydrogen binding (Kim et al. 2006; Chung et al. 2008). In
general, the exchange of a different atom species in an elementally homogeneous lattice
induces an electronic perturbation that may enhance dihydrogen binding. For example,
the empty p orbitals on boron (B)-substituted [for] carbon induces electron donation from
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H, to provide a reasonable enhancement in binding (i.e., 10 to 15 kJ/mol) and capacities.
However, it was determined that only boron substituted with a sp® or similar coordination
produced the enhanced dihydrogen binding. Other B-C or C-C coordination (Kim et al.
2006), the presence of other elements such as N in the lattice, or other (except for Be)
substituted lightweight elements (e.g., Li, N, O, F, Na) in carbon lattices do not
significantly enhance H, binding (Figure 2-8). Furthermore, in addition to needing to be
in the correct coordination state, calculations predict that enhanced binding may occur
only if the B remains both electronically and structurally “frustrated,” such that the B
atoms are out of the plane of the carbon matrix, thus potentially expanding the lattice.

2.13.3.1 Predicted Hetergeneous Sorbents for Hydrogen Storage

For Li, although the volume of the cage is slightly increased, which is consistent with
electron transfer from Li to the cage, there is no significant increase in the adsorption
energy, E, = 0.07 eV/H,. The situation is worse for F where the electron transfer reverses
its direction and the adsorption energy decreases to E, = 0.04 eV/H,. A substitutional
nitrogen also has no advantage for H, adsorption. Here, E, = 0.06 eV/ H,, with no sign
that charge transfer between N and H, takes place. In contrast, H, binds to substitutional
B or Be with significantly larger binding energies, i.e., calculations using LDA predicts
~0.39 and 0.65 eV/ Hy, respectively. Highly accurate quantum Monte Carlo calculations
predict 0.2+0.05 eV/ H; adsorption energy for CzsB-H,. Although this value is about

0.2 eV/H, smaller than that from LDA calculations, it is still significantly larger than the
vdW energy of about 0.04 eV/ Hs.

To understand the enhanced adsorption of H, in doped fullerenes, the site-decomposed
local densities of states for B and Be were calculated. For unbound C35B-H,, the doubly
occupied H, o state shows a single peak about 5 eV below the Fermi level, whereas the
B p.-like state shows two peaks about 1 and 3 eV above the Fermi level. The presence of
this doublet is the result of a strong hybridization of B p, state with carbon n-states. For
bound C3sB-H,, the H; o state spreads out with two main peaks about 10 eV below the
Fermi level, whereas the B p, states move to higher energies. These level shifts are
consistent with the notion that H, binds to B through an electronic hybridization. A
similar hybridization is also seen for C3sBe-H,. Because of a larger separation of the

Be p, state, the magnitude of the shift of the H, & level (about 3 eV) is smaller than that
of B. The models also show that the Be-H; coupling perturbs the carbon host states less
than the B-H; coupling.

In contrast, no such hybridization was observed between H, and the other substitutional
and endohedral impurities that were studied. This is understandable because in
endohedral doping with species such as Li and F, there is no localized empty impurity
state on the fullerene that the H, o state can hybridize with. In the case of substitutional
N, the pz-like N lone pair is already doubly occupied. A hybridization with the low-lying
H, o state would increase its energy and is therefore not favored. In other words, the
presence of a highly localized empty pz orbital is essential for the non-dissociative
adsorption of H; to doped fullerenes. It should be noted that although the initial
calculation used fullerenes as a model system, as discussed below and shown in

Figure 2-8, the results are similar for other B-substituted C systems like nanotubes,
graphene, and even amorphous carbon.
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More direct physical insights were obtained by examining the electron density difference,
Ap = p(CzsX-Hy) - p(C3sX) - p(H2), where p(x,y) is the planar electron density, integrated
over the z direction (out of the plane in Figure 2-9) and X = B or Be. Note that when
calculating p(C35X) and p(H>), the atoms are fixed in their respective final, relaxed
positions in CssX-H,. The 4p for B and Be indicate that the adsorption of H, causes
significantly larger disturbance to p(CssB) than to p(CssBe). Noticeably, a new three-
center bond forms between H, and B (Be), at the expense of a weaker H-H bond. The
linear electron density, 4p(x), from which was calculated the total amount of charge
transferred from the (x > 0) region to the (x < 0) region where X = 0 corresponds to the
position of Hy, indicates that 0.21 and 0.12 electrons are transferred for B and Be,
respectively. In the case of B, however, only about 29% = 0.06 electrons are directly
involved in the three-center bond. In 02
contrast, in the case of Be, the full
0.12 transferred electrons are
involved in the bond formation.
Therefore, E, for Be is significantly
larger than that for B. These
observations are consistent with the
notion that a highly localized p,
orbital is essential for non-
dissociative adsorption. It leads to a
smaller disturbance to the fullerene
as evidenced by the smaller tail for
Be, as well as a smaller disturbance
to the H; as evidenced by the shorter
H, bond length of 0.8 A for Be
versus 0.85 A for B.

-t

() (¥)dy
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As shown in Figure 2-8, multi-H,
sorption using Cs4Bg and Cs4Beg
were modeled. In the case of Be,
the number of adsorbed H, has

Figure 2-9. (a) and (b) are the differential planar
electron density, Ap(x,y), for B and Be, respectively.

little effect on the adso_rption Solid and dotted contours indicate electron
energy (Ez) up to the sixth adsorbed accumulation and depletion, respectively. The contour
H,. This is consistent with the interval is 0.003 and the cutoffs are +0.08 e/A”. (c)

Linear Ap(x), for B and Be along the x axis shown in (a)
and (b), respectively. The positions of the H, and B (Be)
are indicated.

analysis that Be states involved in
the H; binding are more localized,
and are hence less perturbed by the
presence of other Be-H; subunits. In the case of Cs4Bs, E, increases initially to a peak at n
= 2 (about 0.47 eV/H,). After that, E, decreases with n and reaches the minimumatn =6
with an E, similar to pure physisorption.

The multi-H; sorption was also calculated using Cs4Bs and Cs4Beg. In the case of Be, the
number of adsorbed H; has little effect on the adsorption energy (E,) up to the sixth

adsorbed H,. This is consistent with the analysis that Be states involved in the H; binding
are more localized, and are hence less perturbed by the presence of other Be-H, subunits.
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In the case of Cs4Bs, E, increases initially to a peak at n = 2 (about 0.47 eV/H,). After
that, E, decreases with n and reaches the minimum at n = 6 with an E, similar to pure
physisorption.

2.13.3.2 Elucidation of Desired Sites
Boron substitution in amorphous carbon was investigated within the DFT-LDA method.
Ten substitution sites were chosen in such a way that the boron is fully open to the pore
space (see Figure 2-10). The binding enhancement due to B substitution was calculated
for each of the different sites, and the
results are shown in Table 2-3. As
discussed above, the ability to substitute
B in carbon nanotubes or cages is
difficult, but the hydrogen binding
enhancement is significant. However, in
the amorphous carbon, the B can more :
easily be incorporated, but little to no ,\J)',v-
enhanced H; binding occurs. Of ten A% "
boron substitution sites, only one can
enhance H; binding and all the rest have
similar binding energy to that of a pure
vdW force field, i.e., 15.6 kJ/mol H,,
within the DFT-LDA method used here.

The strucure of site 10 that enhances H,
binding is shown in Figure 2-10(b). The
reactivity of this site can be seen from (b) (©) @

the three four-member rings. Site 5hasa  Figure 2-10. Modeled amorphous carbon with
slightly smaller binding energy than the pore sizes of 1-2 nm (a), and H, binding after
pure vdw bmdmg energy, because the substitution with boron at different sites (b-d).

surrounding space is slightly narrow for Black, green, and yellow balls are carbon,
boron, and hydrogen atoms.
a H, molecule.

Table 2-3. Formation Energy of Boron Dopants and H, Binding Energy in Different Sites of
Amorphous Carbon

Sites Formation H, Binding
Energy (eV)
1 1.064 22.0
2 3.467 18.7
3 4.385 17.1
4 3.276 18.4
5 2.621 15.2
6 2.974 18.6
7 2.465 15.6
8 2.052 20.2
9 2.330 20.8
10 3.177 85.7
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As discussed previously, these results apply only to hydrogen binding. Substitution of
other elements may enhance binding of other gases or metals. For example, NREL
identified that B substition in Cg is essential to stabilize dispersion of transition metal
atoms to create materials with hydrogen storage capacities of nearly 9 wt % at near-
ambient temperatures (Zhao et al. 2005). Similar predictions were made by Penn State
where boron substitution stabilizes the atomic dispersion of metal atoms on high-SSA
BCy materials. For example, titanium dispersed on a BCy sheet obtains increased
stabilization with increasing boron content (Figure 2-11). This general mechanism, which
applies to several metals, provides a means to stabilize low-coordinate metal sites that are
attractive for hydrogen storage and for catalysis.

B:Tis graie'ss 3";}9 ~7 eV gained
- 'té.'t{;t{c@ te¥q by depositing

éqﬁéﬁ‘.‘z“ < && Tion surface

B:Tiz - 9‘1“' v
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Figure 2-11. Calculations show that the increased amount of B substituted in carbon
supports increases the stabilization of Ti atoms.

2.13.3.3 BC3 Graphene Versus C Graphene

Following Zhang and Alavi (2007), APCI performed DFT LDA calculations to examine
whether it is energetically possible to move H, molecules into bulk BC3 through the edge
planes. Given an equilibrated initial position for the H, molecule of about 3.5 A away
from the edge, the molecule was gradually moved (i.e., computationally) toward the slit
pore, passing through the edge, and ending in a location between two B atoms of adjacent
BC; layers in the middle of the selected unit cell. The potential energy increases as the
molecule approaches the edge and reaches the transition state where the H, molecule is
slightly activated (bond distance of 0.77 A) at the edge of the BCj lattice. The c-axis
spacing expands by 1.28 A at the transition state to accommodate the H, with a slightly
tilted horizontal orientation. Continuing on this pathway, the c-axis spacing increases by
an additional 0.36 A beyond the transition state spacing as the H, molecule orientation
changes to a tilted vertical alignment with the BCj3 layers to interact more effectively with
the two B atoms residing in the two adjacent layers near the edge. At this point, the H-H
bond distance again increases slightly and the potential energy is reduced by ~10 kJ/mol
from the transition-state energy. It is remarkable that the lattice parameter c, which is
tWiceAthe interlayer distance, increases substantially to 8.44 A from its initial value of
6.79 A.
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The potential energy continues to decrease commensurately as the activated H, molecule
moves toward the center of the unit cell. The c-axis spacing then gradually decreases to
nearly its original value. At the site of chemisorption, the H-H bond becomes
significantly elongated and the two H atoms form covalent bonds with C atoms adjacent
to the B atoms. The calculated C-H bond distance is 1.18 A, which is considerably longer
than the typical C-H bond found in most hydrocarbons. The apparently modest strength
of this bond is due likely to the geometric bond angle strain on the C and B atoms next to
the binding sites, imposed by the change of carbon atom hybridization from sp? to sp® on
forming the C-H bonds.

The overall calculated activation barrier for H, migration and dissociative chemisorption
in bulk BCj3 is quite modest (~30 kJ/mol). Thus, it is expected that H, diffusion through
the slit pore into the bulk BC3 lattice would be facile at near-ambient conditions. This is
in sharp contrast to the analogous process in graphite where H, diffusion from the gas
phase into the bulk is known to be very difficult (Mitchell et al. 2003). Within the BC;
lattice, the H, molecule is partially activated on arrival at the transition state, as
evidenced by the elongated H-H bond distance. This quasi-dissociated state is maintained
as the H, molecule continues its migration toward the center of the unit cell where the H-
H bond is abruptly ruptured to form the C-H bonds. The relaxation of the C atom where
H is chemisorbed is relatively modest, and the neighboring B atom moves out of the BC3
plane toward the opposite direction of the absorbed H. The lattice relaxation on H
absorption in BCj is significantly smaller than that for graphite, in which the C atom that
forms a bond with H is puckered out of the plane by several tenths of an angstrom (Sha
and Jackson 2002).

The LDA results suggest that H, diffusion into the slit pore of BCs is facile, and the
intercalated H, will undergo spontaneous dissociation to form covalent bonds with C
atoms. These C-H bonds might be sufficiently labile to allow the H atoms to diffuse
throughout the lattice in a thermally activated process, which would make BC3 a highly
promising hydrogen storage material with good capacity and facile desorption kinetics. In
particular, we note that BC3 would be an ideal media to store hydrogen via hydrogen
spillover. It should be more efficient than the materials that have been used as hydrogen
spillover substrates to date, because it would require no metal catalyst to promote the
release of storage hydrogen by the dissociation of molecular H,. Thus, a critical issue is
related to the reliability of the LDA calculations, because LDA is known to overestimate
binding energies. Furthermore, because the intercalation of H, into the BC; lattice leads
to H-H bond dissociation and C-H bond formation, GGA should be a more appropriate
method to describe the energetics. In contrast to the exothermic process predicted by the
LDA calculation, this process was found to be moderately endothermic by ~46 kJ/mol.
The calculated energy barrier of ~60 kJ/mol is also higher than the value obtained with
LDA. Nevertheless, both the GGA-calculated thermochemistry and the activation barrier
are modest, suggesting that H, diffusion into bulk BC3 and the subsequent dissociative
chemisorption near the edge could be facile at near-ambient conditions.
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2.13.3.4 Fluoride-Intercalated Carbon Materials

In gas-phase calculations, “naked” fluoride anions (Nyulasi and Kovacs 2006) and
charge-separated ammonium fluoride salts (Trewin et al. 2008) have been shown to
interact strongly with molecular hydrogen. Sweany et al. (1997) have reported an
experimental characterization of adducts of H, with CsF ion pairs. The normally infrared-
silent H, was perturbed by the salt, yielding spectra interpreted as arising from H, and
CsF adducts, with as many as three H, molecules per CsF, whereas H; interacts primarily
with the F" anion. Based on frequency shifts showing a lengthening of the H-H bond, the
interaction was attributed to the donation of electron density from the F~ anion to the H,
antibonding o* orbital. APCI’s conceptual challenge was to devise solid-state materials
that incorporate both the strong hydrogen interactions of naked fluoride and sufficient
porosity. Chemical intercalation of graphite has been demonstrated to increase H,
adsorption capacity by creating porosity through intercalation and separation of the
graphene layers, as well as increasing the hydrogen affinity of the graphite through
increased electron density. For example, the second-stage graphite intercalation complex
KC,4 has been shown to adsorb 2 H,/K at 77 K corresponding to 1.2 wt % H, (Watanabe
et al. 1971). Electron transfer from K to the graphene layers in this “donor type” graphite
intercalation compound (GIC) increases the heat of adsorption from —4 kJ/mol in native
graphite to about —10 kJ/mol in KC,4. To date, there have been no examples of “acceptor
type” GIC with a demonstrated appreciable hydrogen adsorption. Graphite fluorides
represent a well-studied subset of acceptor GIC. A range of fluorination levels are
accessible, and the nature of the C-F bonding evolves from ionic to semi-ionic to
covalent as the decreasing C:F ratio approaches 1:1 (Perdew and Zunger 1981).

APCI conducted ab initio molecular dynamics (AIMD) simulations at RT on H, ina GIC
containing fluoride anions and subsequently synthesized fluoride GICs for isotherm
measurements. Upon F~ intercalation, significant lattice expansion (~2.3A) occurs, based
on the DFT structural optimization, and the intercalated F atoms form long C-F bonds
with the graphene sheets. Compared to the typical C-F bond lengths in organofluorine
compounds and perfluorinated graphite (~1.35A), the C-F bonds in the partially
fluorinated graphite GIC are considerably longer, ranging from 1.417 to 1.533A. The
significantly elongated, semi-ionic bonds arise from bond angle distortions resulting from
the partial fluorination, as only some of the C atoms change their electronic configuration
from sp? to sp>. As shown in Table 2-4, Bader population analysis indicates that the
average charge (Qg) on the F atoms ranges from —0.655 to —0.659. At low H, loadings,
the spacing between adjacent graphene layers shrinks slightly, because the H, molecules
interact more strongly with the semi-ionic F atoms (Table 2-4). At higher H; loadings,
however, the interlayer distance increases substantially to accommodate the large number
of H, molecules. A detailed analysis of the AIMD trajectories indicates that H, molecules
in the lattice interact with the fluoride ions, but are highly mobile in the interlayer spaces
at 300 K. The H, molecules are confined to the interlayer spaces between F atoms and are
rarely in close contact with graphene sheets. No dissociative chemisorption of H, was
observed in the entire course of AIMD simulations. These results suggest that the
calculated average H, adsorption energy decreases as H, loading increases. At high H,
loadings, the H,-H, repulsion is largely responsible for the decrease of H, adsorption
energy. At lower H; loadings, however, the simulation suggests that the average
adsorption energy is substantially higher than those observed in most porous carbons.

HSCoE Final Report — 78



Table 2-4. The H, Gravimetric Density, Calculated Lattice Spacing (d), Average Bader
Charge on F (Qg), and Average H, Adsorption Energy (AE) at 300 K

Complex Hy(wt%) d(A) Q  AE(ki/mol-H,)

CasFg 5.698 -0.659

CsoFs 2, 0.37 5.613 -0.656 -23.3
CsFs:23, 0.74 5.602 -0.655 -19.6
CaoFs:29., 4.29 6.556 -0.657 -10.5
Cs,Fs:20., 8.22 7.723 -0.656 -3.6

Based on these initial predictions and experimental results, the HSCoE partners
developed scalable synthesis methods to form substituted and intercalated materials that
demonstrate enhanced dihydrogen storage properties. Because Be has substantial health
issues, B is the only lightweight element left to investigate for substitution in carbon.
Potentially, heavier elements like phosphorous substitution in carbon may also provide
enhanced hydrogen binding. In addition, the HSCoE partners developed anion-
intercalated graphitic and other intercalated/functionalized materials with enhanced
hydrogen storage properties. APCI’s similar calculations for F-based systems were
investigated as well, but subsequent experimental validation remains elusive. However,
these experiments were only a very minor component of the HSCoE efforts.

2.13.3.5 Boron-Substituted Sorbent Synthesis

Boron substitution was achieved by either starting with chemical compounds with high
concentrations of B and forming high-SSA materials, forming boron-substituted activated
and graphitic carbons (e.g., BCs), or substituting B for C atoms in preformed materials.
The main challenge is being able to create materials with high substitution concentrations
(>20 at %) and high SSAs (>1000 m?/g) with the substituted element in the correct
electronic state. Because the specific concentration and SSA requirements depend on
many factors including the binding energy, it is difficult to quantify the exact properties
needed. As a general rule, as the binding energy increases, the more tightly the hydrogen
can be packed on the surfaces, and thus the less SSA is required for a given temperature
and pressure.

To form the requisite B-C materials, approaches similar to those discussed for creating
high-SSA materials with optimized pore sizes were investigated. In general, pyrolyzation
and templating of B-C precursors produced ~500 m?/g materials with ~15% B. However,
materials with higher SSAs have lower boron concentrations. Attempts to sublime boron
into carbon materials have not proven to be reproducible. Furthermore, most materials
made to date demonstrate multiple binding states. This is probably because B goes into
amorphous and other carbon coordinations more easily than sp? frameworks. However, it
is the higher energy sp? coordination that has the greater electronic affinity and perhaps
the structural stress needed for enhanced dihydrogen binding. Similarly, APCI
investigated the use of F to enhance dihydrogen binding. The overarching goal of this
work was to increase the isosteric heats of adsorption so that temperatures approaching
ambient could be used for storage. Increasing the storage temperature reduces system
costs and thus provides a potential path to meeting the DOE targets.
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2.13.3.6 Pyrolysis of B-Containing Precursor

The Penn State group made significant advances in a precursor approach to preparing
BCx materials with controlled B content and morphology (i.e., surface area). The idea is
based on the thinking that B has similar atomic size as C, and B forms a strong tri-
valence bonding structure with C. Therefore, it is possible that B can be effectively
substituted in the C (graphene) structure without significantly distorting its planar
structure. In fact, there are some existing organoborane compounds that have similar B-
substituted fused-ring structures. The key concept here is to design suitable B-precursors
that can be thermally transformed into a fused-ring structure without losing the B and C
elements. At the same time, the precursors must create a micro-porous structure with high
SSA in the resulting BCx material. It is highly desirable to have strong acidic B moieties
(i.e., electron deficiency) in the resulting BCy, which will engage in p-electron
delocalization in the fused-ring structures and serve as p-type internal dopants to activate
the surfaces and increase the H; binding energy.

Penn State designed and synthesized several organic and polymeric B-precursors and
subjected them to pyrolysis to form BC, materials. One successful example used
poly(diethynylphenylborane chloride). In this B-precursor, the combination of alkynyl
and B-CI moieties is very favorable for inter-polymer reactions at low temperature
(<150°C), which involve chloroboration and cyclization (2p + 4p electrons). The
precursor changes color from white to brown and also increases its molecular mass
without losing weight. Both reactions offer an important stabilization step to assure a
high pyrolysis yield at high temperatures. Beyond 150°C, the precursor quickly deepens
in color with the continuous evolution of HCI gas, which may be related to an
electrophilic substitution on aromatic rings involving B-CI moieties to incorporate B in
the fused-ring structures. After an initial weight loss up to 400°C—uwhich is due mostly
to the HCI by-product—the weight loss becomes relatively small. At 600°C, the total
weight loss is about 20%, which is close to the expected value when removing all H and
Cl atoms in the B-precursor. PGAA indicated that the resulting porous BC, material
(after water-washing to remove LiCl salts) is composed almost entirely of B and C
elements in a BCy; composition. This material has a 7.7 wt % of B, which is only slightly
below the 8.4 wt % in the starting B-precursor (considering only B and C contents).

In addition, Penn State incorporated substitutional boron into high-SSA microporous
carbons by pyrolysis of a blend of microporous-forming polymer precursors (polyfurfuryl
alcohol) and boron-containing organic precursors (tetraethylammonium borohydride).
The as-prepared pyrolyzed samples had 1-5 wt % boron incorporation. However,
activation with CO, selectively removed some of the carbon, which increased the amount
of boron to almost 23 wt % with a SSA of 1500 m?/g. Isosteric heats of adsorption of
~10 KJ/mol were measured with these materials with a corresponding sorption capacity
of 0.5 wt % at RT and 100 bar.

The results of similar experiments using different B-precursors and activation processes
are summarized in Table 2-5. The B-precursors contained various inorganic salts (pore-
forming additives) that were removed by water-washing after pyrolysis. For set A, the

B content slowly decreases as the pyrolysis temperature is increased. The composition
changes from BCy; at 600°C to BC;3 and BC,; at 800° and 1100°C, respectively. As will
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be discussed later, the evolution of the BC, composition coincides with the development
of a planar fused-ring structure and crystallinity. It is interesting to note that the
composition becomes quite constant after 1500°C, with slightly more than 2 wt % B
content, which is close to the reported maximum value of substitutional B content in the
crystalline graphite structure obtained by high-temperature sublimation. The addition of
external additives, such as NaBHy,, can significantly increase B content at a low
temperature (600°-1000°C). However, after pyrolysis at 1500°C, the resulting BCx
materials also exhibit <3 mol % B content.

Table 2-5. A Summary of Porous BC, Materials Prepared by B-Precursor Containing
Inorganic Salts under Various Pyrolysis Conditions

Run Pore-Forming | Pyrolysis B Content (wt %) Surface | Composition
No. Additives Temp. "B PGAA Area (BC,)
C) NMR (m*g)
A-1 LiCl 600 7.7 7.7 780 BCyy
A-2 LiCl 800 6.4 6.0 528 BCi3
A-3 LiCl 1100 4.2 — — BC,
A-4 LiCl 1400 35 3.7 — BCys
A-5 LiCl 1500 2.6 — 36 BCs4
A-6 LiCl 1800 2.2 2.0 — BCuo
B-1 NaCl 600 6.5 — 634 BCys
B-2 NaCl 900 5.2 — — BCy;
C-1 LiCl + NaBH, 600 12.2 12.8 609 BC¢
C-2 LiCl + NaBH, 800 10.4 9.2 — BCs

2.13.3.7 Templating BCx and NCy

APCI computational modeling results confirmed that B-substituted carbon would be
effective as a hydrogen storage material by direct adsorption of hydrogen or as a
hydrogen spillover receptor. Current methods of producing boron-substituted carbons
have been moderately successful in increasing material surface area while incorporating
high levels of boron substitution. However, a step-change increase in the surface might
be realized with the application of templating methods to the existing B-precursor
pyrolysis. Therefore, methods were developed to impregnate known precursors into
porous silica materials and etch the silica with a minimal amount of boron loss.
Researchers at NREL, Penn State, and APCI established methods to template BCy on
high-SSA carbons or silica zeolites. This templating reaction is based on previously
developed thin-film BCy synthesis procedures that use the stoichiometric reaction of
benzene and boron trichloride to produce BC; (i.e., 2 BCl3 + CgHg goes to 2 BC3 +

6 HCI) (Way et al. 1992). The generic formula BCy is used for the resulting samples
because non-stoichiometric conversion and the presence of the carbon template (in the
case of activated carbon templates) ensures that the ultimate stoichiometry of the material
is BC where x is >3. The reaction is performed in a chemical vapor furnace under
flowing gas conditions. Typically, the BCx material is chemical vapor deposited onto the
template material substrate (e.g., Y-, B-, or MCM zeolite, activated carbon) at high
temperatures (e.g., 900°C). If a zeolite template is used, the zeolite is etched away after
BC deposition using a hydrofluoric acid etch, leaving behind a porous BCx material with
a geometric structure similar to the template material that was removed. Porous BCy
materials with boron content as high as 17 atomic percent (at. %) and SSAs ranging from
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250 to 600 m?/g were synthesized with templating techniques. Isosteric heats of
adsorption as high as 12 kJ/mol were observed for templated BCx materials,
demonstrating the viability of this technique to form sorbents with higher hydrogen
binding energies.

2.13.3.8 Direct Assembly of B-Substituted Carbon

Boron substituted in SWNTSs was synthesized either by arc discharge or pulsed laser
chemical vapor synthesis. High-temperature arc synthesis of boron-carbon materials was
studied by Penn State with electrode boron content ranging from 1 to 20 at. %. Raman
scattering showed that boron-substituted nanotubes were produced for electrodes with
less than 4 at. %, with lower nanotube fractions as B-content increased. Optical
absorption shows a shift in the optical bands associated with transitions between valence
and conduction bands, demonstrating that boron substituted into the sp? lattice lowered
the Fermi energy, as desired. Inelastic neutron scattering at NIST of the rotational
transitions of molecular hydrogen adsorbed on these nanotubes demonstrated enhanced
binding for adsorption near the B-site at a magnitude consistent with that observed in
studies on nanoporous BC produced by other methods.

NREL developed the first successful high-yield laser vaporization synthesis of high-
quality boron-substituted single-walled carbon nanotubes (B-SWNTSs). Boron was loaded
into graphite targets in the form of elemental B or as nickel boride (NiB) and vaporized in
a laser-oven apparatus in both Ar and N, atmospheres. While targets containing
elemental B produced no or low yields of SWNTSs, the NiB catalyst in N, produced
SWNT bundles comparable in quality to the best pure carbon SWNTSs produced from
traditional Ni/Co catalysts. A variety of different samples were analyzed by TEM, Raman
spectroscopy, XRD, NMR spectroscopy, and nanoprobe EELS. Using EELS, boron was
found to be substitutionally incorporated in the SWNT lattice at content up to 1.8 at. %.
The NiB catalyst was also used successfully to produce B-SWNTs by arc discharge.

2.13.3.9 B, N, and P Atom Substitution into Chemically Synthesized
Graphene

Rice used solution-based chemistry to synthetically form substituted graphene materials.
The general goal was to chemically form stable substituted graphene sheets with high
substitution content, and then to use the graphene scaffolding processes Rice has
developed for its optimized nanostructures work to form high-SSA materials with high
substitution concentrations. The all-carbon and heteroatom-substituted synthetic
graphenes were prepared using the procedures identified in the paper by Zhong and
colleagues (2011). This included refluxing chloro-substituted organic reagents containing
sp? carbon and chosen heteroatom precursors together with sodium in high-boiling point
solvents, as shown in Figure 2-12. For the heteroatom-substituted synthetic graphenes,
triisopropyl borate, triethylphosphite, and cyanuric chloride were used as the boron,
phosphorous, and nitrogen sources, respectively. Alternatively, boron trichloride and
phosphorous trichloride also could serve as boron and phosphorous sources, respectively.
Two heteroatom precursors with different substitution elements can also be
simultaneously added in the reaction system for the preparation of co-substituted
products, such as boron/phosphorous and boron/nitrogen co-substituted synthetic
graphenes. To remove residual salts and organic compounds completely, the filter cake is
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washed, filtered, and dried. Initial efforts resulted in isosteric heats of adsorption of

8.6 kJ/mol for B-graphene with 5.4 at. % boron substitution; 8.3 kJ for P-graphene with
7.5 at. % phosphorous substitution, and 5.6 kJ for N-graphene with 13.5 at. % nitrogen
doping. While the goal is to find routes to much higher substitution concentrations for
boron and perhaps phosphorous, these initial results demonstrate that high (i.e., 25 at. %)
sp?-coordinated substitutions can be achieved (e.g., with nitrogen), and the results
confirm the original calculations that predicted that nitrogen substituted in carbon would
not significantly increase hydrogen binding. As predicted, however, B substitution did
increase hydrogen binding, and it appears that P does as well. These results also
demonstrate the intrinsic issue of limited substitution for elements that appear to increase
binding. Although the SSAs were still low, the hydrogen storage capacities of these
materials were significantly higher than expected for typical activated carbon with
similar SSAs.

Cl
= or ¢ . N w» Neteroatom-substituted
Cl Cl cl cl Cl synthetic graphenes
cl BXsorPXgor NN
Cl)\\N/J\CI

letraglyme or dipenyl ether or paraffin oil
250 °Cto 350 °C
X = halogen or OR

Figure 2-12. Schematic of bottom-up preparation of heteroatom-substituted synthetic
graphenes by a solution-phase process. The all-carbon synthetic graphenes were
prepared in the same manner, but with deletion of the boron-, phosphorous- and nitrogen-
containing precursors.

2.13.3.10 Cross-Cutting Calculations for Substituted Materials

In general, the HSCoE explored many different materials and processes via calculations
to efficiently identify viable paths to hydrogen storage materials that may be used to meet
DOE targets. With regard to substituted materials, a few specific examples not discussed
elsewhere in this report are summarized below.

Increased BC, Binding from Curvature

Negative sheet curvature models of nanoporous carbons based on the Schwartzite
structures (see Figure 2-13) were investigated by DFT under varying degrees of boron
substitution, obtaining enhanced hydrogen binding energies of ~0.14 eV/mol within
DFT. The combination of boron substitution, heptagonal carbon rings, negative Gaussian
curvature, and pore size can induce these significant enhancements in hydrogen binding.
The negative curvature induced by the heptagonal rings is important to activating the
boron for increased hydrogen binding.
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BC; as a Self-Catalyzing Spillover
Material

Using DFT, APCI investigated the
hydrogen storage properties of bulk
BCjs. The minimum energy pathway
to move H, molecules from the gas
phase into the lattice through the
edges of the layered, crystalline
material was determined. In contrast
to the large energy barriers for H,
diffusion into crystalline graphite,
APCI found that H, migration into
bulk BC; is both thermodynamically
and kinetically feasible. Unlike
graphite, the c-axis spacing of the
crystalline BC can be expanded to Figure 2-13. Example of a B-substituted

accommOdate_ H. molecules with _on!y structure (Schwartzite) with heptagonal carbon
a modest barrier (~30 kJ/mol). Within rings, negative Gaussian curvature, and small

the BC; lattice, H, will undergo pore size that enhances hydrogen binding (blue
dissociative chemisorption to form C-H is carbon, red is boron, and green is hydrogen)
bonds, which provides a chemical

driving force for H, intercalation. The calculated H, chemisorption energies in bulk BC3
based on the GGA suggest that the adsorption strength is modest, making the material a
promising candidate for reversible hydrogen storage under near-ambient conditions.

Transition Metal Clustering with B Substitution

ORNL used ab initio spin density functional theory to investigate the energetics and
kinetics of transition metal clustering on neutral, charged, and B-substituted fullerene
surfaces. The formation energy and kinetics of sparsely dispersed zero-dimensional (0-D),
compact single-layered two-dimensional (2-D), and clustered three-dimensional (3-D)
transition-metal configurations were compared as a function of cluster size (N<12).
ORNL found that a Ti cluster’s 0-D configuration is always less stable than that of 2-D
and 3-D configurations, and 0-D to 2-D transformations involved in a single Ti diffusion
process have a kinetic barrier of 0.7 eV. On the other hand, there exists a critical cluster
size (N¢) of N¢ =5 (for Ti), below which 2-D layers are preferred to 3-D clusters. Hole or
B substitution greatly enhances the Ti-fullerene interactions and lead to stronger
dispersion of Ti atoms. Even so, for a moderate charge induced from substitution (less
than seven holes), the critical size of Ti atoms on neutral Cg surprisingly remains
unchanged or only slightly increases to Nc=6 with B substitution. However, the
formation of 3-D clusters may be hindered by a high kinetic barrier related to the process
of single Ti atoms climbing up a single Ti layer. This barrier is ~1 eV or even 1.47 eV for
B-substituted Cgo surfaces, which is high enough to stabilize larger 2-D structures (N>N¢)
at low temperatures.
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2.13.4 Strong/Multiple Dihydrogen Interactions

2.13.4.1 Overview of First-Principles and Materials Design

To increase dihydrogen binding beyond that typically achieved with physisorption, more
“chemical” type bonding must occur. In the case of dihydrogen, this means enhanced
electron sharing between the gas molecule and the sorption material. This can only be
achieved by creating structures in the material that are electronically out of equilibrium
(i.e., reactive or frustrated). Unfortunately, this is relatively difficult and thus only a few
approaches have been identified to work. As discussed above, sp®>-coordinated boron sites
substituted in a carbon lattice provide enhanced dihydrogen binding on the order of 10 to
15 kJ/mol. However, to increase the dihydrogen binding energy to >20 kJ/mol requires
the use of materials with higher chemical potentials, such as metal-based materials. The
HSCoE championed the use of coordinated metal centers to increase dihydrogen binding
and to also enable multiple dihydrogen binding at a single adsorption site (Zhao et al.
2005). NREL’s seminal paper (Zhao et al. 2005) has been cited nearly 200 times, and
theorists and experimentalists around the world have worked to iteratively design and
synthesize new materials with coordinated metal centers. Furthermore, several of the
metal-based materials designed by the HSCoE are able to bind dihydrogen in an optimum
binding energy throughout their entire capacity range (Figure 2-14).

Recently, substantial amounts of work identified the unique properties of Ca for
hydrogen storage (Ataca, Akturk, and Ciraci 2009; Kim, Sun, and Zhang 2009; Sun et al.
2009; Yoon et al. 2008). As discussed in more detail below, Ca coordinated in the correct
manner may reversibly store more than 100 g/L and 10 wt % of hydrogen at ambient
temperatures (Figure 2-14). This is substantially higher than liquid hydrogen and occurs
at ambient temperature. Based on initial modeling from ANL, storage systems with more
than 75% of the material capacities should be achievable under these conditions. Thus,
these inexpensive materials that bind multiple hydrogen molecules per site could provide
a reasonable path toward meeting DOE’s ultimate storage targets of 7.5 wt % and 70 g/L.
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Figure 2-14. Examples of metal-based materials designed by the HSCoE that maintain
optimum hydrogen binding energies (shaded area) throughout their entire H, capacity
range
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From the outset, the HSCOE strictly adhered to the criteria of synthesizing stable
materials that have the potential to meet DOE hydrogen storage targets. Thus, the goal of
the center’s theorists was not only to identify new materials, but also to work with
experimentalists to identify thermodynamically viable synthetic paths to form stable
materials. A class of materials that can enhance dihydrogen binding was first identified
by Kubas et al. (2007) and involved creating organometallic structures with transition
metal centers that were able to coordinate a nearly intact H, ligand. Although initial work
has demonstrated multiple H, adsorption to 5-D transition metal sites (Wang and
Andrews 2002), the key findings since the inception of the HSCoE are that lightweight
alkali, alkaline earth, and 3-D transition metals can be configured to enhance H, binding
and perhaps lead to the binding of multiple (more than two) dihydrogen molecules to a
single metal atom. As shown in Figure 2-14, materials containing a high density of metal
sites that are structurally coordinated but electronically unsaturated may enable
dihydrogen storage at ambient temperature. Interestingly, alkali and alkaline earth metal-
based sorbents have small cohesive energies, and therefore, fewer tendencies to form
metal clusters. Metal sites can be stabilized within framework materials (e.g., “exposed”
metal sites in MOFs or Met-Cars) or on high-SSA supports with specific metal binding
sites (e.g., boron-substituted sites in carbon materials). Metal clustering and reaction with
other elements reduces or eliminates the enhanced H, capacities, and thus materials must
be intelligently designed to stabilize (disperse) the metal atoms to maintain a high density
of H; binding sites.

The main challenges associated with coordinated metal center approaches to hydrogen
storage include being able to uniformly disperse these higher binding sites in such a way
that they are accessible to the dihydrogen, are stable and do not degrade with
time/refueling cycles, and provide relatively uniform dihydrogen binding throughout as
much of the material storage capacity range as possible. This latter point is important
from an engineering perspective so that the net available capacity can be maximized over
as small a temperature and pressure range as possible, which reduces the overall system
costs. Overall, the material systems that the HSCoE investigated fall into the following
two general categories:

e Integration of metals into framework structures, e.g., Met-Cars or MOFs

e Coordination of metals to high-SSA supports, e.g., fullerenes or boron-doped
activated carbon.

2.13.4.2 Effectiveness and Accuracy of Density Functional Theory for
Hydrogen Adsorption

As discussed above, the use of transition metals for dihydorgen storage is well founded in
experimental observation and basic electronic coordination chemistry. The key
component developed by the HSCoE was the computational tools to predict accurately
the coordination energies of dihydrogen with the different possible metal configurations.
Initially, the HSCoE studied the well-known Kubas complex Cr(CO)3(PHs),, which is
experimentally known to bind one dihydrogen with a binding energy of 80 kJ/mol. DFT
calculations showed that only one dihydrogen was bound to the metal center with a
calculated binding energy of 70 kJ/mol, closely matching the experimental value (Zhao et
al. 2006). In general, DFT calculations have been widely used for modeling and
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designing hydrogen storage materials. For strongly bonded systems, the accuracy of DFT
has been well tested (Sun et al. 2010). For example, the cohesive energy of typical metal
and semiconductor materials can be accurate to within 0.2 eV per atom (or 5%). When
the systems involve primarily vdW interactions, however, the accuracy of DFT
calculations quickly deteriorates because of the small magnitude of the interaction energy
(which can be as small as 0.05 eV per atom). The DFT typically overestimates the vdW
interactions in the LDA, but underestimates or even gives no binding in the GGA, which
is due to the fundamental difference in their approximation of exchange-correlation
effect.

For designed sorbents based on H; binding in between the vdW interaction and
traditional chemical bonding (i.e., 0.15 to 0.50 eV/Hy), the accuracy of the DFT approach
had to be determined by the HSCoE and others using the common approximations in the
exchange-correlation functionals to estimate the interaction between the metal centers
and dihydrogen. Initially, NREL selected four representative systems, namely Ti-ethylene
(C2Hy), Sc-cyclopentadienyl (CsHs), Ca-1,4-benzenedicarboxylate (BDC), and Li-1,4-
BDC, which cover a wide range of sorbent materials proposed for high-capacity RT H,
storage. Highly accurate calculations were performed at the MP2/cc-pVQZ level and
further corrected the correlation energy at the CCSD(T)/cc-pVTZ level to obtain the
dihydrogen binding energies on these systems. These accurate results were used to
evaluate nine exchange-correlation functionals widely used in standard DFT calculations.
The comparison (Table 2-6) indicates that the H, binding energy obtained with PBE and
PWQ91 functionals are accurate to within a few hundredth of an eVV/H,, in the desired
binding energy range for reversible hydrogen storage. These results demonstrate that
DFT theory with the appropriate exchange-correlation assumptions can predict hydrogen
storage properties of metal centers with accuracy.

Table 2-6. Comparison of the H, Binding Energies (in kJ/mol H,) from the Nine Density
Functionals with Accurate Benchmark Results

Method Bench LDA PW91 PBE BLYP TPSS B3LYP B98 X3LYP MO05-2X
TiHy(EY)(H,)" 34.6 1004 38.0 363 221 274 254 275 281  36.7
TiHy(EY)(H)® 242 740 31.4 294 118 224 148 184 174 263
TiHy(EY)(H,), 335 731 36.6 348 207 274 236 261 263 349
TiHy(EY)(H,)s 351 829 408 390 216 309 243 276 271 370
ScH,(Cp)(H»)® 205 682 275 257 124 198 138 167 159 216
ScH,(Cp)(H,)® 184 361 173 163 94 127 112 139 132 192
SCH,(Cp)(H,), 20.3 628 280 263 11.8 211 133 162 155  21.2
Ca(TPA)H,)," 214 438 205 193 109 157 138 168 160  24.7
Ca(TPA)H,),® 183 425 204 191 145 153 155 160 155  23.0
L(TPA)(Hy), 154 251 143 130 76 107 93 118 111 151
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2.13.4.3 Integration of Metals in Framework Structures

Metal-Organic Frameworks

As with the initial organometallic structures identified by Kubas (2007), the integration
of metal centers into frameworks provides an excellent coordination environment for the
metal that prevents agglomeration and migration of the metal. However, it is difficult to
form structures in which the metals are electronically unsaturated and/or not sterically
hindered, thus preventing hydrogen access. Organized framework materials offer one
route to forming crystalline materials with integrated metal centers that are known to
have enhanced H; binding sites. Numerous MOF materials have been synthesized that
demonstrate isosteric heats of adsorption at low hydrogen coverage (between 5 and

10 kJ/mol), an effect that is attributed primarily to hydrogen metal centers interactions
(Liu et al. 2008; Dinca et al. 2007; Liu et al. 2007; Dinca et al. 2006; Peterson et al. 2006;
Prestipino et al. 2006). Within the HSCoE, NIST worked with groups around the world to
study the metal-hydrogen interactions in MOFs using a suite of neutron-scattering tools.
As stated above, several of the initial experimental studies demonstrated that exposed
transition metal (TM) sites in framework materials have H; isosteric heats of adsorption
of ~10 kJ/mol. This binding is significantly smaller than that observed in other metal-
center hydrogen storage systems (Kubas 2001).

In collaboration with researchers at the University of Sydney, NIST investigated the
nature of the unsaturated coordination sites in the Cu®* carboxylate paddle-wheel
building units in a HKUST-1 MOF. Powder neutron diffraction experiments were used to
locate the hydrogen adsorption sites and conclusively verify that deuterium (D,) initially
binds to the Cu®* metal ions in HKUST-1. The lower heats of adsorption (~5 kJ/mol) are
correlated with hydrogen being associated more with the organic parts of the framework.
The distance between the metal and the centroid of nuclear deuterium scattering (e.g.,
2.39(1) A for the Cu-based HKUST-1 MOF) is significantly reduced from that typically
observed for vdW interactions. However, these hydrogen-metal distances are
substantially larger (i.e., 1.7 to 1.9 A) than those found in the well-known organometallic
Kubas compounds where there is evidence for electron donation from the dihydrogen to
transition metal and elongation of the H—H bond through back bonding. INS and first-
principles computer simulations provide a detailed understanding of the local potential of
para-hydrogen (p-H,) adsorbed at the primary metal adsorption site. The form factors of
the three main rotational peaks follow that expected for a free hydrogen molecule with a
regular H-H intramolecular bond distance and provide evidence against a Kubas-type
interaction. The form factors associated with the individual adsorption sites are
characterized by differing Debye-Waller factors, reflecting the strength of the site-
specific adsorption strengths. Three binding sites are progressively populated when the
H, loading is less than 2.0 H,:Cu, which is consistent with the result obtained from
NIST’s neutron powder diffraction experiments. The temperature dependence of the INS
spectra reveal the relative binding enthalpies for H, at each site and compare well with
the site-averaged volumetric adsorption values. Based on the calculated potentials using
the DFT formalism and GGA functional, all of the features observed in the INS data were
assigned for hydrogen adsorbed in HKUST-1. The orientational potential is slightly two-
dimensional and dominated by a small Coulombic term, hence there is a tendency for the
H, to lie in a plane perpendicular to the Cu-Cu bond. The in-plane rotation is almost free
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and unhindered. The features observed at 9.1, 12.75, and 14.0 meV with increasing H,
loading are due to rotational transitions from J =0 to 1, M = £1. The other features
observed in the data are due to rotation-rotation or rotation-phonon excitations.

Another avenue was explored in a collaboration of two HSCoE partners, NIST and
Caltech. Using neutron powder diffraction alongside isotherm measurements showed that
H, adsorbed on the MOF-74 surface has a higher surface density at 77 K than that of
solid H; at = 4 K and zero pressure. These results revealed the shortest intermolecular D,-
D, distance observed in a physisorption-based material without the application of
pressure. This high density can be attributed to the presence of coordinatively unsaturated
Zn?* centers that promote intermolecular deuterium distances of about 2.85 A at 4 K.
This observation, along with results from other systems with exposed metals that exhibit
large surface adsorption densities, presents an avenue to increase the surface density of
adsorbed hydrogen in this class of materials.

Ab initio calculations (see Figure 2-15) quantitatively account for the experimental
findings described above, and further show that the splitting and occupation of the spin
orbitals in MOF systems is why their binding energies for dihydrogen is smaller than
expeted for metal centers (Sun et al. 2007). However, these calculations also predict that
if other transition metals are used (e.g., Sc, Ti, V, Cr, or Mn), the H, binding energy by
the MOF metal centers can be tuned to between 10 and 50 kJ/mol. As yet, it remains
unclear if standard framework materials can be designed with the metal in an appropriate
state to enable back-donation.

€«

Figure 2-15. (Left) Simulated model for Mn-based MOF systems. Four H, molecules are
adsorbed on the four Mn centers. (Right) Electron density plot of an anti-bonding state
between the H, o and Mn dz2 orbitals. These calculations quantitively agree with
experimentally measured binding energies and indicate that splitting and occupation of
the spin orbitals reduces the binding.

Within the HSCoE, TAMU investigated ways to enhance H, uptake with framework
materials by increasing the number of nearest-neighbor open metal sites of each H,-
hosting void in a 3-D framework and to align the open metal sites so that they could
interact directly with the H, molecules inside the void. Based on this issue, different
materials were synthesized (e.g., Cu-5,5’-methylene-di-isophthalate (mdip) MOFs termed
PCN-12 and PCN-12") and characterized for their hydrogen-storage properties.
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Metallocarboranes and Macromolecules

In addition to materials such as MOFs, the HSCoE also performed limited investigations
of other framework structures with well-defined metal centers. Again, clustering of metal
atoms is a major issue associated with using metal centers for hydrogen storage. The
most stable method to resolve this issue is to embed the metal atoms directly in
structures. Structures like metallocarboranes (Met-Cars; see Figure 2-16) and
macromolecules (Figure 2-17) can be configured so that their metal centers are accessible
to hydrogen molecules and sufficiently active to enhance adsorption. Met-Car molecules
interact with each other strongly through their edges, which allow for the formation of
rigid microporous crystals with appropriate pore sizes for H, adsorption. About 4 wt %
H, can be strongly adsorbed at the metal sites in the Met-Car crystal shown in

Figure 2-16, and as much as 3 wt % H, can be physisorbed. The total gravimetric and
volumetric capacities are ~5—7 wt % and 40-50 kg/L, respectively. The biggest
advantage of Met-Car crystals is their stability. Neither clustering of transition metal
atoms nor collapsing of the frameworks occurs at extreme conditions. In addition, Met-
Cars may be designed to be reversible dissociation hydrogen-storage materials (Zhao et
al. 2006).
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Figure 2-16. Structure of (a) a Met-Car dimer and (b) corresponding tetrahedral
Met-Car crystal

Recently, oligocyclopentadienyl metal complexes were synthesized by Yu et al. (2006).
Because cyclopentadienyl (Cp) rings are good supports for isolating transition metal
atoms, Cp polymers functionalized with Mn
atoms were predicted to make good hydrogen-
storage materials with capacities predicted to be
~6.5 wt % and ~45 kg/m? (Figure 2-17). Because
a polymer structure is mechanically soft,
clustering of the transition metal atoms on
polymers may be an issue, especially when the
polymers are small. However, if larger
dendrimers are formed, the structural interlocking
could stabilize the metal separation for efficient
hydrogen storage. Similarly, ANL investigated
integrating metals substitutionally into porous
polymers using both replacement and direct in
situ synthesis processes. These efforts were Figure 2-17. A Cp polymer decorated by
modeled aftgr well-k_nowr_w metgl-coptalnlng Mn atoms (orange). Each Mn binds three
polyporphyrin materials, in which nitrogen-metal H, molecules (white).
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complexes form an integral component of the polymer structure. ANL performed this
work and will continue developing these materials after the HSCoE ends as part of its
continuing hydrogen-storage material development effort.

2.13.4.4 Coordination of Metals to High-Surface-Area Supports

Typically, metal centers in framework structures are sterically hindered and thus can
adsorb one or at most two hydrogen molecules. To go beyond this limitation and enable
adsorption of multiple hydrogen molecules to each metal site, single metal atoms must
have additinoal access for the hydrogen molecules. However, this access must be
balanced against the need to coordinate the metal atoms so that they are sufficiently
immobile to prevent agglomeration and the formation ofmetal hydrides. Several groups
outside of the HSCoE identified that metal integration with pure all-carbon supports can
enhance dihydorgen binding (Ataca, Akturk, and Ciraci 2009; Sun et al. 2006; Yildirim
and Ciraci 2005). The HSCoE explored this approach by investigating the effects of
metal integration with several nanostructured all-carbon supports, including SWNTS,
fullerenes, graphite, and graphene. In general, it is very difficult experimentally to
integrate metals (both alkali and transition metals) with pure carbon supports and prevent
metal agglomeration. Therefore, most of the experimental attempts performed by the
HSCoE did not provide any definitive results nor confirm the theoretical predictions
made by others outside the HSCoE. From these initial studies, it was clear that metal
atoms must be bound to well-defined sites on a high-SSA substrate with precisely tuned
energetics. However, initial work performed by NREL identified that alkali metal
integration with nanostructured carbon materials induced hydrogenation of the carbon
substrate and the formation of C-H bonds with substantially enhanced binding energies.

Metal Coordination to Fullerenes

Because of their commercial accessibility and well-controlled/understood properties,
fullerenes (Cgo) and SWNTSs were initially used to investigate metal atom integration with
pure carbons and their corresponding hydrogen-storage properties. Synthetic routes were
identified to integrate Li, K, Na, Sc, Ti, Co, Cr, Ni, Fe, and other metals with the
fullerenes. For example, K¢Cqp is a well-known material (Andreoni, Giannozzi, and
Parrinello 1995; Zhou et al. 1991). These materials were analyzed with NMR
spectroscopy, electron paramagnetic spin resonance, Raman spectroscopy, TEM, EELS,
and TPD, along with having their pore size, SSA, and hydrogen isotherm properties
measured. In general, new reversible hydrogen adsorption sites consistent with hydrogen
molecules bound with heats of adsorption significantly higher than physisorption were
observed for many of the complexes. For example, TPD occurs at 235°, 230°, 180°, and
0°C for the Cr, Sc, Co, and Fe complexes, respectively. These desorption temperatures
are below what is expected for chemisorption and therefore indicate that dihydrogen
ligands are bound. In each of these cases, the total adsorption capacity is quite low.

In similar work, ORNL (Yoon et al. 2008) and others outside the HSCoE (Ataca, Akturk,
and Ciraci 2009), identified that fullerenes (Cgp) and equivalent graphene-based materials
coated with calcium, respectively, may function as ideal molecular hydrogen attractors.
Specifically, the resulting hydrogen uptake on Cas,Cg is predicted to be >8.4 wt % with
a binding energy (i.e., 5 H, adsorbed at ~40 kJ/mol) that would allow for near-ambient
adsorption. ORNL and NREL synthesized a series of CaxCgo (€.9., X = 10, 32, or 57)
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compounds either by Ca vapor deposition or by reacting Cgo in a solution of calcium in
liquid ammonia. TPD and hydrogen pressure measurements indicated a moderate amount
of low-temperature hydrogen sorption.

Solution-Phase Hydrogenation of Carbon Nanostructures

Nanostructured carbons can be hydrogenated by alkali metals via two distinct methods:
the modified Birch reduction in ammonia (Borondics, Jakab, and Pekker 2007; Zhang et
al. 2006; Zhang, Cao, and Chen 2003; Pekker et al. 2001) and the reaction with alkali
metal naphthalides in tetrahydrofuran (THF) (Borondics, Jakab, and Pekker 2007;
Borondics et al. 2005; Penicaud et al. 2004). In both cases, the reduced carbon materials
undergo a limited hydrogenation via a reaction with methanol. In contrast, NREL
discovered that significant amounts of hydrogen (~4 wt %) could be stored on reduced
nanostructured carbon materials in the presence of cyclic ether solvents. The generation
of a highly reactive nanostructured carbon radical anion is able to remove the acidic a-
proton on THF, similar to the behavior observed for butyl lithium reagents (Bates,
Kropskai, and Potter 1972; Carnahan and Closson 1972). The hydrogenation process is
reversible, with the nanostructured carbon materials regenerated after dehydrogenation to
550°C as evidenced by Raman spectroscopy and TEM. The dehydrogenated materials
can then be rehydrogenated to the same gravimetric level using the same solution-phase
procedures developed by NREL.

Metal Intercalation in Graphite Compounds

To bridge the gap between theoretical predictions and experimental synthesis, the HSCoE
worked to identify materials that could be easily designed and synthesized. For example,
alkali metal intercalation in graphite produces well-known materials with well-
established synthetic routes and hydrogen-storage properties (Goldman et al. 1989; Enoki
et al. 1983; Watanabe et al. 1973). Dihydrogen molecules can be adsorbed directly in K-,
Rb-, and Cs-intercalated graphite when the temperature is lower than 200 K. At
temperatures >200 K, the hydrogen molecules dissociate into atomic hydrogen. The
hydrogen concentration can be Hy/alkaline metal atom (Enoki et al. 1990). In general, the
intercalated alkali metals are integrated as single metal atoms between the graphene
planes, enabling sufficient space for physisorption of dihydrogen on the graphene
surfaces and also inducing higher binding of dihydrogen because the metal-graphene
coordination significantly reduces the propensity to form hydrides. These materials
provided a model system that demonstrated how to achieve uniform isosteric heats of
adsorption for the entire capacity of the material, and how alkali metal atoms, which like
to form hydrides, can be sufficiently coordinated with a support to enable reversible
dihydrogen storage.

To go beyond the limited capacities of the alkali metal-intercalated graphite materials,
NREL investigated methods to intercalate metals and create large spaces for hydrogen
adsorption. NREL identified that cointercalated graphite with Li and small organic
molecules, such as benzene and tetrahydrofuran, could create stage 1 (intercalation
between every layer of graphene) materials, with the interlayer graphene distance
predicted to be ~7.7 A (Figure 2-18). The increased space permits multiple H, species to
be bound to Li cations with a predicted binding energy of 10~22 kJ/mol. Furthermore, in
the interstitial area free of Li cations, the negative charge in the graphene sheets is
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predicted to enhance the H; binding energy to ~9 kJ/mol through electrostatic attraction.
To restrain nucleation of lithium hydrides, the Li array was limited to a Lis(THF)C7,
structure, which is predicted to reversibly store ~3.4 wt % hydrogen (Zhao et al. 2008).

Figure 2-18 is a graphical representation of a designed cointercalation graphite
compound, in which Li and THF are co-intercalated to form Lis(THF)C-,. Similar to the
previously reported Li;2Cg compound (Sun et al. 2006; Kohanoff, Andreoni, and
Parrinello 1992), the intercalated Li atoms serve to stabilize dihydrogen species with
binding energies that are enhanced relative to pure physisorption. The THF co-intercalant
molecule plays two roles: it both prevents clustering and expands the graphite lattice to
allow for H, adsorption. The Lis(THF)C7, co-intercalation compound has a reversible
capacity of 3.4 wt % for H, coordinated with Li, resulting in enhanced binding energies
of 9~22 kJ/mol H,. The total hydrogen uptake capacity of the simple system is 5.7 wt %.
This includes an additional 2.3 wt % of physisorbed H, that is not interacting directly
with the Li atoms and is adsorbed with a binding energy of ~5 kJ/mol Hs.

QO H,atLi Sites

"% Interstitial H,
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Figure 2-18. Design of a co-intercalated-graphite compound, in which Li and THF are the
co-intercalation species

As mentioned above, the integration of single metal atoms with pure all-carbon materials
has proven very challenging. Most
materials synthesized to date are
only marginally stable, and thus
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In addition to increasing the hydrogen binding energy, heterogeneous materials such as
boron-substituted carbons can stabilize single metal atoms. For example, boron-
substituted carbon materials with sp?-coordinated boron sites have the potential to
stabilize Li atoms (Figure 2-19). As shown in Table 2-7, the addition of these new boron
sites within the graphitic carbon materials leads to an increase in the non-clustering Li
density. These NREL predictions also indicate that the B enhances charge transfer, and
therefore enhances the overall hydrogen binding strength such that each Li atom may be
able to store as many as three H, molecules. For a 1/18 Li density in the B-substituted
graphite system, 4.98 wt % hydrogen molecules can be adsorbed with a binding energy of
6~19 kJ/mol (Figure 2-20). Alternatively, for a Li density of 1/9, the binding energy
becomes smaller (5~14 kJ/mol), but the H, capacity goes as high as 7 wt %.

Table 2-7. Total energy (eV, in red) of metal-clustered structures relative to the metal-
dispersed structures and nearest Li-Li distance (A, in blue). It is demonstrated that Li-
clustered structures become energetically more favorable at Li;(CggBe.

Li4CGGBG LiGCGGBG LiSCGGBG LilOCGGBG
Cluster 1.7/5.2 2.3/3.2 0.49/2.8 -0.26/2.4
Dispersed 0/7.4 0/6.1 0/5.7 0/5.1

Binding (kJ/mol)

1 2 3 4 5 6 7
Loading (wt.%)

Figure 2-20. Binding energy vs. capacity. Hydrogen binding energy versus loading in
intercalated graphite with and without B doping.

Metal Coordination to Functionalized Substrates

As discussed above, the HSCoE investigated a variety of methods to coordinate metal
atoms to substrates and concluded that it is synthetically challenging to avoid metal
agglomeration (clustering) in all carbon frameworks. The metal must be bound to well-
defined sites on high-SSA substrates. Therefore, the HSCoE investigated synthetic
methods for tailoring the surface chemistry of the substrates by incorporating functional
groups on the surface that would coordinate transition metals. For example, phosphines
(-PR3), amines (-NH.), and thioethers (-SR) have all been used to stabilize metals. The
phosphine ligands are of particular interest as these ligands have been used in Kubas
complexes that have been shown to reversibly bind dihydrogen. NREL and LLNL
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developed reaction pathways to provide well-defined, site-specific binding of transition
metal complexes to high-SSA supports. The metal binding sites were integrated into the
skeletal network of the aerogels either through the addition of monomer(s) containing the
organometallic ligand to the sol-gel reaction or through surface modification of the
aerogel network. Anchoring of these complexes to the inner surfaces of a low-density,
high-SSA framework was used to fabricate solid-state hydrogen sorbents. The aerogel
architecture possesses a number of desirable structural features for the fabrication of
these supports, including high SSAs, tunable porosities, and low mass densities. In
addition, the flexibility of aerogel synthesis can be used to appropriately functionalize the
inner surfaces of these materials for the specific ligands. An example of a procedure to
form a hydrogen storage material using metal-stabilizing ligands integrated with aerogels
is shown in Figure 2-21. Here, the stabilizing ligands (L) on the transition metal (M) must
be easily displaced in the presence of H; or by external processing controls such as heat
or UV light. Using these techniques, NREL and LLNL investigated the use of high-SSA
aerogels as supports for organometallic species capable of reversibly storing H,

molecules.
Lﬁ&*‘”z

ML, ML,
X
-L +H;
— —

-L

Y,

Aerogel Substrate
X = PPh,, alkyne

Figure 2-21. Concept for synthesizing transition metal-decorated aerogel supports

Similar to the aerogel work, NREL and Rensselaer Polytechnic Institute (RPI) identified
that GO can stabilize metal centers for hydrogen storage (Wang et al. 2009). Here, the
functionality of the GO material provides sites for the covalent attachment of TM atoms
that have the potential to accommodate multiple H, molecules. This work was analogous
to that reported by Hamaed and coauthors (2008), in which organometallic Ti fragments
were coordinated to amorphous-silica via strong Ti-silanol bonds (i.e., ~400 kJ/mol). In
the metal-decorated GO materials, oxygen functional groups are key in anchoring the
metal atoms and enhancing the metal substrate binding. Zhang and coinvestigators
reported that Ti atoms grafted on GO could bind multiple H; ligands with the desired
binding energies (14-41 kJ/mol H,) (Wang et al. 2009). NREL developed a successful
reaction pathway to synthesize Ti-GO using a solution-phase chemistry process, which
resulted in new enhanced H; binding sites.

In general, the HSCoE investigated a number of strategies to coordinate single metal
atoms to substrates including gas-phase synthesis techniques. In addition to solution-
phase chemistries, NREL developed novel synthetic gas-phase processes to create
structures in which TM hydrides are partially coordinated on lightweight, highly porous,
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activated carbon supports known to have oxygen functional groups. The synthetic
processes involved organometallic precursors mixed with porous activated carbon and
heated in flowing hydrogen. Non-toxic, non-flammable, and low-reactivity
organometallic precursors containing Fe, Co, V, and Sc were used. The results of these
investigations are provided in Section 3.0 (Results) of this report.

2.13.4.5 Unique Properties of Coordinated Ca Metal Centers

The HSCoE was the first to identify the unique properties of the inexpensive metal
calcium. NREL applied its unique predictive metal-xH, theories to investigate the
hydrogen-storage properties of groups I and 1l metals. Unlike Li, Na, and Mg, Ca can be
coordinated to matrix materials in such a way that a pseudo 3-D band state forms,
enabling substantial amounts of dihydrogen to be reversibly adsorbed (Kim, Sun, and
Zhang 2009). For example, Ca-intercalated graphene, with the graphene layers separated
sufficiently to allow dihydrogen molecules access to the Ca atoms, has the potential to
have net hydrogen capacities in excess of 100 g/L and 10 wt %. In this case, the carbon-
graphene layers stabilize the Ca atoms, and the Ca binding energy is relatively small, 50—
90 kJ/mol. Furthermore, the Ca atoms adsorb dihydrogen at 20—40 kJ/mol. The Ca-C
binding and charge transfer are sufficiently strong to prevent Ca clustering; they become
weaker as more dihydrogens adsorb. The Ca-xH, binding is sufficient to store and release
dihydrogen at densities much higher than liquid hydrogen, but at ambient temperatures
and moderately low pressures (i.e., 4 to 30 bar). Even though the synthetic pathways
remain a challenge, this set of work provides a breakthrough that clearly defines sorbent
materials that could be used to meet DOE’s ultimate storage targets.

In addition to the initial Ca-graphene work, NREL also found that graphitic B-C and
some covalent organic framework (COF) and MOF materials stabilize open Ca centers.
In the case of COFs, two Ca atoms are bound to benzene linkers at ~120 kJ/mol, which in
turn will adsorb four dihydrogen molecules with an average binding energy of 15 kJ/mol.
Although this particular material will have a hydrogen storage capacity of only ~44 g/L
and 5.6 wt %, theorists and experimentalists have worked together to identify materials
with viable synthetic pathways.

2.13.4.6 Coordinated Metal Centers for Storing Hydrogen

The use of coordinated metal centers for hydrogen storage is based on the unique
properties of the TM d-orbitals. In simple metal atoms, the d-orbitals are either
completely filled or very high in energy. In contrast, TM atoms usually have low-lying d-
orbitals, which are partly occupied in most free TM atoms, and the energy differences
between the occupied and empty d-orbitals are not large. This gives rise to unique
properties (e.g., magnetic) of TM materials. For example, Kubas and others (see for
example Kubas 2001) identified that the empty d-orbital(s) have a strong ability to accept
external electrons because they are below the vacuum level. On the other hand, the
occupied d-orbital(s) are ready to donate electrons. Consequently, the mechanism loosely
termed “Kubas coordination” (Kubas 2001) can be described as two components of
charge donation or nonclassical orbital hybridization (Figure 2-22). Here, the hydrogen
molecule donates a fraction of electrons in its bonding state (o) to the empty d-orbital of
the TM atom, and the total energy is lowered because the two electrons in the hydrogen
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molecule now occupy a lower orbital hybridized from o and d®™Y. This in turn pulls the
anti-bonding H state o* down to o”, which helps the partial back-donation of an electron
from a filled d-orbital (d™) to & and further lowers the total energy. These two
components of hybridization stretch the H-H bond, but the hydrogen molecule remains
undissociated (i.e., dihydrogen). Quantitative decomposition of dihydrogen binding
energy into the two components is possible within the charge decomposition analysis
(Dapprich and Frenking 1995) or extended transition state analysis (Li and Ziegler 1996).

The key to dihydrogen binding is a localized empty orbital, which is below the vacuum
level and has an affinity for the bonding electrons of a H, molecule. The lower the empty
orbital, the more favorable is the formation of a dihydrogen complex. In general, the
empty orbital does not have to be a TM d-orbital. For example, positive simple-metal
ions can also bind dihydrogen (Lochan and Head-Gordon 2006), because the lower
bonding orbital(s) is now empty. Without back-donation, the three-center, two-electron
(3c-2e) coordination is already completed. Actually, the 3c-2e coordination is only
rigorous when there is no back-donation, because back-donation involves more (than 2)
electrons occupied in another orbital. Back-donation takes advantage of lowering of 6~
due to donation of & charge, adding to the dihydrogen binding. But if the back-donation
is too strong, eventually the H, molecule will split (dissociate) to form hydrides. The
dihydrogen-dihydride transition depends on the energy levels of the occupied and empty
d-orbitals and their separation. The higher the d-orbitals and the smaller the separation
between the empty and occupied d-orbitals, the more easily the transition happens
(Tomas, Lledos, and Jean 1998).

™ H
dempty dfin 2

Figure 2-22. Mechanism for Kubas coordination. The shading (green) represents charge
density. Donation and back donation are denoted in blue and red, respectively.
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The above mechanism explains why simple metals only form hydrides: (1) simple metals
do not have low-lying empty orbitals, and therefore do not satisfy the condition for 3c-2e
coordination; and (2) simple metals have a very strong tendency to ‘“back-donate” all of
their valence electrons to hydrogen. For the TM elements close to the simple metals in
the periodic table (e.g., Sc), hydride formation is also highly favorable. However, after
using up all valence electrons to form hydrides, the TM atom still binds dihydrogen with
its empty d-orbital(s) (Zhao et al. 2005). The TM atoms to the right of the periodic table
bind dihydrogen more strongly, because they have sufficient valence electrons for back-
donation, yet their valence electrons are not radical enough to split the H, molecule. In
this case, the binding energy of dihydrogen could be larger than 100 kJ/mol, which is
good for static observation of the dihydrogen identity, but too strong for reversible
hydrogen storage at near RT.

Experimentally, multiple dihydrogens interacting with a TM center were observed in gas-
phase cluster measurements nearly 20 years ago (see Bowers 1994 and the references
therein). Here, H, binding energies ranging from 20 to 40 kJ/mol were observed for the
five and six H, bound to Sc* and Ti* metal centers, respectively. This agrees very well
with the theoretical calculations. Recently, an experimental group observed four H,
bound to WH, via infrared spectroscopy (Wang and Yang 2008), also in good agreement
with DFT calculations made by HSCoE. Very recently, Ti atoms have been successfully
dispersed on an amorphous silica surface, using strong Ti-silanol bonds. On average each
Ti center was found to bind 2.7 H, molecules with a binding energy of 22 kJ/mol H,
(Hamaed, Trudeau, and Antonelli 2008).

2.13.5 Weak Chemisorption/Spillover

The HSCoE also investigated methodologies to store dissociated hydrogen molecules
(e.g., hydrogen atoms). Unlike the work discussed previously to increase binding for
dihydrogen, the key issue was actually developing ways to store dissociated hydrogen
with binding energies substantially lower than what is typically observed for hydride
formation. For example, initial work involving endohedral fullerenes indicates that
appropriate energies can be achieved to reversibly hydrogenate and dehydrogenate these
materials (Zhao et al. 2007). Additional development is required to fully demonstrate
these type of materials experimentally and to investigate kinetics and capacities limits.
Among the more promising material classes, the HSCoE demonstrated that catalyzed
hydrogen molecule dissociation followed by “spillover” (Figure 2-23) onto lightweight
receptor support materials enabled ambient-temperature storage with binding energies in
the range of 10 to 25 kJ/mol. Although the phenomenon of spillover has been known for
many decades, the HSCoE partners demonstrated that this material class could be used to
store substantial (>30 g/L and >4 wt %) amounts of hydrogen at near-ambient
temperature and nominal pressure. The HSCoE demonstrated spillover both
experimentally and by thermodynamic principles as a process for ambient-temperature,
reversible hydrogen storage. However, the materials have tended to be very sensitive to
synthetic processing conditions, resulting in substantial irreproducibilities. Furthermore,
the intrinsic nature of the spillover storage mechanisms makes hydrogen refill rates,
material stability/durability, and intrinsic material costs challenging issues that must be
adequately resolved. Nonetheless, once these issues are addressed, initial analyses
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indicate that storage systems with more than 75% of the material capacities could be
achieved. Because the potential spillover material storage limits are ~80 g/L and

~8 wt %, and ultimately fill rates, materials costs, and durability are tractable issues, this
mechanism may provide a means to meet DOE’s 2015 targets.

"
"
HE

Figure 2-23. Conceptual diagram of hydrogen spillover processes. Reversible RT
hydrogen storage on metal-doped carbon materials via a “spillover” mechanism involves
a series of steps: (a) molecular H, dissociates on the metal catalyst particles; (b) atomic H

migrates to the receptor; and (c) atomic H diffuses across the receptor surfaces.

Spillover is a process that dissociates dihydrogen onto a metal catalyst, followed by
migration of hydrogen atoms onto the surface of a receptor material and subsequent
diffusion away from the catalyst site, which leads to significant storage of hydrogen (see,
for example, Li and Yang 2007; Lueking and Yang 2002). The concept of hydrogen
spillover has its genesis in fundamental studies with heterogeneous metal catalysts,
particularly with the type of systems used for chemical hydrogenation reactions (Conner
and Falconer 1995). Within catalytic processes, the metal has the role of "activating"
hydrogen by reversibly dissociating H, into metal-H atom (hydride) species on its
surface. For example, it has been observed that by heating Pt dispersed on carbon at

623 K, Pt/Al, O3 at 473-573 K, Pd/C at 473 K, and Pt/WO3, under hydrogen pressure, the
amount of H, absorbed exceeds the known Hj-sorption capacity of the metal alone
(Sermon and Bond 1974). In these seminal reports, the “excess quantity” of this hydrogen
on the support is usually very small, amounting to only several atoms of H for every H
that's bound to the metal. In addition, the role of spillover was recognized as essential to
the activity and selectivity, formation of catalytic sites, and further enhancement of
reaction rates. Several comprehensive reviews of hydrogen spillover in catalysis have
been published (see, for example, Conner and Falconer 1995). Spillover is highly
dependent on the metal catalysts, the support/receptor chemical composition, and the
synergistic interaction between the two.

In the application of spillover for substantial hydrogen storage, graphitic or nano-
structured carbon and framework materials are typically used as receptors and catalyst
supports because of their high SSAs, which may enhance capacity. Hydrogen spillover is
a multiple step process: (1) catalyzed hydrogen dissociation, (2) surface diffusion from
the catalyst to a surface, (3) weak chemisorption of the dissociated hydrogen species to
the receptor, and finally (4) diffusion along the receptor surfaces (Figure 2-23). The
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equilibrium established for these competing processes determines the overall hydrogen
sorption capacity of the material of interest. In contrast to straight physisorptive or
chemisorptive processes, and because “large-scale” hydrogen spillover includes both of
these plus the necessity of surface diffusion on the substrate, a dependence on surface
chemical composition and structural features (e.g., pore structure, pore volume, surface
substituents, catalyst size, catalyst dispersion, interface, diffusion pathway) affects
hydrogen supply to the surface, the diffusion rate, and hence the total sorption capacity.
The HSCoE hydrogen spillover efforts included investigations associated with catalyst
deposition techniques; metal catalyst type; metal catalyst doping efficiencies/dispersion;
chemical composition and structure of the support, substitutional doping of the support
with boron and/or nitrogen, or altering the surface chemistry of the support; and the type
of support (aerogels, template growth, MOFs) and generation of “bridges” between the
metal and the receptor materials.

For spillover materials, an especially high level of care must be exercised in the
measurement to correctly ascertain the amount of hydrogen uptake. The very high SSA
and presence of highly reactive catalysts in the matrix are known to be prone to side
reactions or impurity effects that can be easily misinterpreted as hydrogen storage. For
example, significant uptake may be observed because of the reaction of hydrogen with
weakly bound oxygen to form water or hydrocarbons. Similarly, impurities in the gas
steam even at parts per million (ppm) levels can react with active components of the
sample material and be detected as a false-positive hydrogen sorption process. Impurities
may also deactivate (or passivate) the sample, impeding hydrogen uptake and resulting in
a false-negative hydrogen capacity result when performing volumetric measurements.
Another important difference between measuring spillover sorption versus the high-SSA
physisorption is in the tolerance in system leakage. Because the kinetics of spillover are
slow compared to the nearly instantaneous physisorption process, the tolerance in leakage
for measuring spillover needs to be substantially lower, or false results may occur.
Ultimately, as in any sorption process, significant differences observed in a material’s
hydrogen storage capacity that is dependent on the method of measurement are a strong
indication of systematic error within a system, secondary reactions, and/or impurity
effects. Spillover demonstrates the importance and complexity of sorption measurements
and how they are not turnkey procedures.

2.13.5.1 Spillover Thermodynamics

Rice, APCI, and NREL performed initial computations to identify potential bound
hydrogen configurations on receptors that are thermodynamically stable compared to the
energy of molecular H,. As shown in Figure 2-24, on graphene surfaces, hydrogen atoms
are thermodynamically stable with lower binding energies when stored in groups or
clusters. The group of hydrogen atoms tends to form compact clusters, influenced by
aromaticity rules and the pyramidalization strain compensation, so that the lowest-energy
clusters consist of closed six-hydrogen rings. Evaluation of the Gibbs formation energy
as a function of temperature and pressure indicates that the hydrogen-cluster formation
has phase-nucleation dependencies, guided by nucleus barriers and corresponding critical
cluster size. One important aspect of this analysis is that the calculated balance between
the fluidic gas phase and the immobilized storage-phase indicates that spillover can store
~7.7 wt % hydrogen and the balance can be changed in either direction by changing
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pressure and temperature not too far from ambient conditions. Thus, these analyses
indicate that thermodynamically, spillover is a reasonably reversible ambient-temperature
hydrogen-storage process.

2L Yo PBC
N 2\72 *0%0%°
”o’?o?\ 0%0%%
2. o 33‘; e, 00,0
) o0-ab o 0% %%
> al ] 2.54 eV/H
=
o Av o .o
= Y 0%0%
I = ALY . 0%°0%0%
2| S ,;.;%} *0%0%"*
o™ (V] 9% ®_0_90¢
N e 0" 0
s| 8 XX 2.36
r © ™ .36 eV/H
T _ H,: 2.31 eV/H
S| MY,
g ."\,w
- &S : &)
5| QXX | 9%
T 08 & Y
2 YA
- 2.16 eV/H
c i A Ay
o .
3 AALA , *o
s 1.70 eV/H

Figure 2-24. Average binding energy of the chemically absorbed hydrogen atom blocks
(size of 2, 6, 24, « of hydrogen atoms) on graphene, compared to the cohesive energy of
the free hydrogen molecule, H,

In general, spillover is a multiple-step process starting with the catalyzed dissociation of
hydrogen and diffusion from the catalyst to the receptor. As shown in Figure 2-25, Rice
within the HSCoE assessed the effect of hydride formation on the catalystic activitiy of
metal clusters by calculating the chemical potential of H using Pd-hydride (PdHg 75)
(Singh, Ribas, and Yakobson 2009) and Ni-hydride (NigH2,) as model systems. Overall,
the less expensive Ni behaves similarly to the Pd. The chemical potential for H and the
onset of spillover is computed by calculating the binding energies of H, on a free metal
catalyst as well as a graphene-supported metal catalyst.
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Figure 2-25. a) Left: Schematics of spillover process in real space. The inequality shows
the range of chemical potential 4, favorable for spillover. Right: model of spillover in
energy space displays the relative energy (chemical potential) of H in different states. The
gray, dark-red, and blue lines show the g, in fully hydrogenated graphene (CH), in metal

hydride, and in the H, molecule, respectively. The pink and dark red blocks show the
range of energies of H at the catalyst and at the Pd(111) surface with the H coverage
varying from 0.25to 1 mL. The family of thin dark blue lines corresponds to the energies of
H bound to graphene. b) The optimized structure of NisH,, (n =2 to 10). The plot of
incremental energy Ei..: vS. number of H atoms. The gray line shows the H binding energy
in the fully hydrogenated phase. The E;, crosses this line after the 6" H, molecule,
indicating the thermodynamic onset of spillover.

The migration barrier for the diffusion of H from the metal catalysts to the H-graphene
phase is calculated to be ~0.68 eV, which is kinetically feasible at ambient temperatures.
Thermodynamic calculations show that the presence of the hydrogenated phase of
graphene makes the spillover step from metal to receptor thermodynamically favorable.
Under the right conditions, spillover from the catalysts to the receptor will occur before
hydride formation, and thus spillover is not kinetically limited by the metal hydride
properties.

NREL investigated the hydrogenation properties of carbon and other receptor materials in
more detail to understand the issues involved. For example, the uniqueness of carbon
materials lies in the multiple configurations of hybridization, i.e., sp, sp?, and sp®
hybridization. The strong, topologically flexible sp? bonding configuration imparts to this
light element a single-atom layered film structure, which can be wrapped up in nanoscale
to form tubular and spherical shells with extraordinary mechanical properties. All of
these materials have high SSA for gas sorption.

More interestingly, the sp-sp® transition is quite straightforward because (1) the
promotion energy for rehybridization sp®*® is almost a continuous function of 0< & <1
(Park et al. 2003), and (2) no topological rearrangement is needed in such a transition.
Figure 2-26 illustrates the mechanism of weak chemisorption of H atoms to carbon
sorbents through the so-called sp?*® rehybridization. The advantage of this type of
sorption is the tunable H binding energy. Basically, the degree of rehybidization,
measured by J, can be tuned by the curvature of the carbon shell. The larger the
curvature, the bigger the value of & and the larger the average H binding energy. This
sorption mechanism also has serious disadvantages. First, strain accumulation with H
loading usually makes H binding less and less favorable; therefore, the hydrogen capacity
is not sufficiently high. Second, the kinetics of hydrogen charge/discharge is slow, even if
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a catalyst is used. However, this mechanism is applicable to hydrogen storage via
spillover (Li and Yang 2006; Lueking and Yang 2002).
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Figure 2-26. Weak C-H bonds formed through sp2+d rehybridization

The binding behavior versus coverage directly affects the capacity and energy efficiency.
There is typically no long-range correlation of hydrogen binding in sorbents. In the same
functional core, the binding energy of hydrogen, especially hydrides, often changes
dramatically with hydrogen loading, because hydrogenation gradually modifies the
property of the sorbent building block. A general decreasing trend of hydrogen binding
energy would be expected as shown by the straight lines in Figure 2-27. The cutoff
number of H atoms adsorbed (C4, C, in Figure 2-27) determines the hydrogen capacity.
By structurally modifying the sorbents, the binding energy can be adjusted to be a more
flat line so that the binding energy of all the sequentially added hydrogen can be confined
into the ideal range. As a result, the hydrogen capacity is simultaneously increased from
C,to Co.
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Figure 2-27. Schematic illustration of binding energy vs. hydrogen coverage in
nanosorbents and the requirement for binding energy tuning

The coexistence of sp® and sp> domains in a partially hydrogenated carbon shell or sheet
introduces a few key interactions. The first-order effect is the attraction of dangling =
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bonds (single = electrons) created in the boundaries between the sp® and sp* domains. In
any conditions, the dangling = bonds have to be paired up, which instantly excludes the
odd number of unhydrogenated (naked) carbon atoms from the stable patterns. For
example, in hydrogenation of carbon cages, a naked five-member ring is obviously
forbidden. Concerning the reaction dynamics, in the early stage of hydrogenation, the
energetically favorable sorption sites and the H hopping pathway are not arbitrary (Ferro,
Marinelli, and Allouche 2003; Hornekaer et al. 2006; Zecho et al. 2002). When a small
domain of hydrogenated carbon is formed, the structure of domain boundaries and its
propagation should largely be determined by the attraction of the dangling = bonds.

Even the isolated t bonds (paired = electrons) are not sufficiently stable. In the second
order, these m bonds attract each other through resonant effects (Chen and King 2005;
Kertesz, Choi, and Yang 2005) such as aromaticity. In fact, this interaction could be
strong enough to conform the domain shape. Table 2-8 shows the reaction heat associated
with hydrogenation of ethane molecules, benzene molecules, and infinite graphene. The
electronic resonant interaction is so strong that the energy is lowered by more than 1.0 eV
per m-bond in benzene molecules (110 kJ/mol), and nearly 1.7 eV in graphene.

Table 2-8. Reaction Heat (kJ/mol H,) of Hydrogenation of Small Hydrocarbon Molecules
and Graphene Sheet

C,H,+H,—C5Hg CsHg+3H,—CsH1o Graphene+nH,— Hydrocarbon
sheet
200 90 40

Another famous example is the hydrogenated fullerene, CgoHss. Haufler and colleagues
(1990) proposed a structure with Th symmetry, in which the 12 naked carbon pairs form
isolated n-bonds and are evenly distributed across the cage. Later it was found that a
tetrahedral isomer (Taylor 1992), with four aromatic rings formed of the 12 n-bonds, is

3 eV lower in energy (Buehl, Thiel, and Schneider 1995). In this case, aromaticity lowers
the energy by only 0.25 eV per n-bond. The possible reasons are: (1) the 12 n-bonds in
the Th structure may not be as isolated as their geometry suggests, and (2) the tetrahedral
structure may cause more strain.

The lattice mismatch between sp® and sp® domains causes substantial strain in a carbon
sheet. If one defines a positive sign for one side and negative for the other, the interaction
of sorption sites follows the rule that “opposites attract, and likes repel.” According to
this rule, two-side hydrogenation favors a full coverage of all carbon atoms with H atoms.
For example, if a hydrogen atom is simply added on top of each carbon atom
alternatively on both sides of a graphene layer, one obtains a single-layer, diamondlike
hydrocarbon. In this hydrocarbon sheet, the hydrogen capacity is ~7 wt % with an almost
ideal binding energy of ~40 kJ/mol H, (Table 2-8). However, to apply such a simple
concept for hydrogen storage is still a challenge. In reality, hydrogen atoms or molecules
have to be added one by one, and the reaction has to experience complicated kinetics,
which is due to all the aforementioned interactions (Stojkovic et al. 2003).
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A carbon cage is different from a carbon sheet in two aspects. First, it has inherent strain
resulting from the curvature. Second, it opens only the outer side to hydrogenation. In
such a system, low coverage of H chemisorption actually releases the inherent strain if
the hydrogenation follows a particular pattern. An example is linear hydrogenation of a
CNT along the axial direction, in which hydrogen (Gulseren, Yildirim, and Ciraci 2002)
or other chemisorbed species (Kudin, Scuseria, and Yakobson 2001) form axial lines
dividing the CNT circumferentially into flat sp? facets. It is also found in CgoHy that strain
relief is maximized at x = 36 (Yoshida et al. 1993). After the critical coverage is
exceeded, hydrogen becomes exceptionally less favorable.

The HSCoE did not found sufficient results from which a general rule can be extracted to
clarify all of these types of interaction and their effects on hydrogenation of carbon
materials. This is an interesting direction—one that is important for future hydrogen-
storage development work. Carbon materials offer an excellent scaffold for development
of high-SSA material, and if pure carbon materials cannot meet the goals, at least they
can serve as good backbone frameworks for further functionalization with, for example,
metals.

2.13.5.2 Spillover Kinetics

From the initial thermodynamic calculations and the corresponding experimental
evidence, the main step in the spillover process that is not well understood is that of H
diffusion on the receptor. Again, diffusion on the metal catalyst and to the receptor can be
understood within standard thermodynamic principles. These were important findings at
the beginning of the HSCoE, providing an initial atomistic understanding of potential
spillover mechanisms that helped guide experimental efforts along with focused efforts to
better understand the kinetic mechanisms involved. Also, because in some cases H
storage on the receptor may need to be in the form of clusters, calculations indicate that
diffusion is thermodynamically possible as a localized front or group of hydrogen atoms.
However, it is not clear how this can occur on an atom-by-atom basis.

NREL was the first to identify that barriers to migration are lowered sufficiently to enable
spillover via structural and electronic features, and/or via quantum mechanical tunneling
where H will diffuse before it desorbs. Based on calculations, NREL identified that H
migration increases substantially via hopping between surfaces that are closely spaced
(Figure 2-28) (Ciobanu and Zhao, forthcoming). This suggests that perhaps layered or
corner structures may enable hydrogen atom diffusion via hopping. Similarly,
calculations indicated that free holes lower the barrier energy of H atom diffusion due to
the H strong negative potential behavior. In this case, the barrier drops for graphene from
1.04 eV H’ to 0.60 eV for H+, and for MOFs from 1.52 eV H° to 0.52 eV for H*. Thus,
doping, defects, or functionalizations that form holes may enhance hydrogen storage via
spillover (Lee et al. 2010). Finally, ambient-temperature quantum tunneling lowers the
diffusion barrier energy. These results provide development paths to creating higher
capacity, higher-rate H-storage spillover materials that may be used to meet DOE system
targets.
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Figure 2-28. Initial calculations at NREL identified that, compared to migration along a
surface, hopping between closely spaced surfaces substantially lowers the barrier for
hydrogen diffusion.

2.13.5.3 Thermodynamic Calculations Validation

To validate many of the thermodynamic calculations, APCI modeled the well-known
spillover phenomenon associated with hydrogen bronzes from metal oxides (eg., MoO3
and WO3) and metal sulfides (eg, ZnS and MoS,). Ritter and coworkers applied solid-
state NMR techniques to study the bonding properties, location, and mobility of hydrogen
in HMoOs (Ritter, Muller-Warmuth, and Schollhorn 1985). They found that the
activation energies for hydrogen diffusion are on the order of 15 to 30 kJ/mol and also
concluded that hydrogen atoms reside on a line connecting the vertex sharing oxygen
atoms within the (MoOg), layers. An atomic force microscopy study by Smith and Rohrer
(1998) unraveled the evolution of the MoO3 (010) surface during reduction in Hy-N;
mixtures at 700 K. The results demonstrate that MoOj intercalates H atoms during the
gas-phase reactions, resulting in protonation, which in turn leads to precipitates of
hydrogen molybdenum bronze. In an additional example, an increase in hydrogen storage
capacity by spillover on CeO; in the presence of Pt catalysts was recently reported, and
NMR studies indicated the presence of protonic hydrogen on the oxide surfaces (Mitchell
et al. 2003). The hydrogen bronze complexes can be prepared most effectively via
hydrogen spillover in the presence of Pt or Pd catalysts. The solid metal oxide
compounds are generally semiconductors, but are transformed into metals (conductors)
immediately on hydrogen bronze formation via hydrogen spillover.

APCI used a simple Pt cluster model to represent the Pt catalyst nanoparticles and
examine H; dissociative chemisorption on the cluster until it was fully saturated by H
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atoms (Chen et al. 2007). APCI showed that H, molecules can undergo sequential
dissociative chemisorption of the selected Pt cluster up to a Pt/H ratio of 1:4, at which
point the cluster is fully saturated. The results indicate that the H, dissociative
chemisorption is dictated by the charge transfer from the Pt cluster to H, molecules via
5d-10* orbital overlap. The charge transfer increases with the H coverage, revealing the
role of the Pt clusters in hydrogenation/dehydrogenation processes as an electron
reservoir. Using the insights gained by the catalyst cluster study, APCI performed
extensive quantum-mechanical calculations to model the hydrogen spillover phenomenon
that leads to the formation of H bronze in MoOj3 (Chen et al. 2008). The results indicate
that spillover occurs on adsorption of H atoms originating from a Pt catalyst fully
saturated with H atoms onto the MoO3 (010) surface, followed by H diffusion in the
lattice. For the first time, the detailed mechanisms of H-insertion into MoO3; were
unraveled. APCI showed that the H atoms can readily migrate from the Pt catalyst to the
MoOj; (010) surface, followed by protonation, to form strong covalent bonds with the
terminal oxygen atoms. Subsequently, the protons were able to migrate into the lattice via
low-energy-barrier pathways to form a hydrogen bronze. These results suggest that the H
adsorption and migration are facilitated by the massive H-bonding network in the lattice,
and that hydrogen bronze formation can occur at moderate temperatures. The calculated
diffusion barriers were in quantitative agreement with data measured by NMR, and the
predicted relative thermodynamic stability of adsorption sites was consistent with
experimental observations. The study revealed that H atoms supplied locally by a Pt
catalyst can flow nearly freely into the entire lattice, which is precisely the essence of the
so-called spillover phenomenon.

DFT calculations were used to study the two main components of hydrogen spillover in
a-MoQOg, which are the absorption and diffusion of atomic hydrogen (Sha et al. 2009).
APCI first calculated the structure of bulk a-MoOj3. The optimized lattice parameters
were in good agreement with the experimental values, and the calculated electronic
structure of this material exhibits a typical semiconductor bandgap. On incorporation of
H atoms at various concentrations into a-MoO3, hydrogen molybdenum bronze materials,
HxMoO3, were formed, and the crystalline lattices underwent significant relaxation near
the absorption sites. Energetically, the most favorable binding sites were identified. The
results indicate that the two most preferred absorption sites, the terminal and asymmetric
oxygen atoms, interact with H atoms with nearly equal bond strength. Consequently, they
may both be populated on H atom absorption, which is likely the reason why the precise
locations of H atoms in the lattice vary in different experiments, depending on sample
preparation.

Hydrogen absorption in a-Mo0O3 results in an extensive hydrogen bonding network in the
crystalline lattice. As a consequence, the hydrogen molybdenum bronze materials were
all found to be metallic with the valence band widened across the Fermi level and into the
conduction band, consistent with experimental observations. The Bader population
analysis indicates that absorbed H atoms lose electron density, becoming protonic in
nature. The charge transfer from hydrogen to the O atom, on which the H atom resides,
gives rise to the reduction on the adjacent Mo atom and thus a weaker Mo-O bond.
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To understand the mobility of the H atoms in the lattice, APCI performed calculations on
H atom diffusion in bulk a-MoQj3 along a prescribed diffusion pathway. The results
indicate that the protonic hydrogen diffuses with very small activation barriers,
suggesting that these H atoms should be highly mobile at near-ambient temperatures. The
calculated barrier heights lie well within the range of experimentally measured values.
The high mobility of H atoms in the lattice, facilitated by the massive hydrogen bonding
network, reflects the essence of the spillover mechanism in these materials. The study
shows that hydrogen desorption to form H, molecules is an exothermic process for
hydrogen bronzes with a H concentration higher than HMoO3; and becomes endothermic
at low H loadings.

2.13.5.4 Spillover via Physisorbed Atomic Hydrogen

The understanding generated by the study of spillover on metal oxides materials was used
in subsequent APCI modeling of hydrogen spillover on carbon-based materials. To
clearly describe the spillover processes, APCI selected three graphitic carbon materials
representing both finite and extended systems (Chen et al. 2007). As before, the catalyst
was modeled with a Pt cluster fully saturated by H atoms. The effect of support and
bridge materials was neglected in the theoretical model. The hydrogen spillover processes
were then broken into three steps. The first step involves H; dissociative chemisorption
into H atoms on the Pt catalyst. In the second step, the Pt catalyst fully saturated by H
atoms delivers H atoms to the graphitic surfaces. The migration of H atoms from the
catalyst to the substrates may involve both chemisorption and physisorption processes.
APCTI’s computational results indicate that the chemisorption process might be able to
proceed readily at ambient conditions with small-to-moderate activation barriers. The
calculated H chemisorptions strength was found to be curvature-dependent with higher
adsorption energies associated with the carbon atoms of materials such as nanotubes with
more pronounced curvature. With the minimum H desorption energy of approximately
2.4 eV from the fully saturated Pt cluster, APCI speculates that the physisorption process
can only be induced by the support and/or bridge materials.

APCT’s previous computational study on hydrogen spillover in MoOj3 suggests that this
process in a massive H-bonding system can take place readily. The bridge materials used
in Yang’s experimental studies at the University of Michigan (Michigan) are composed
of carbonized sugar (e.g., sucrose) molecules. Although the material is carbonized on
heat treatment at 400°C for several hours, oxygen atoms left over in the form of oxygen-
containing functional groups could still be relevant for hydrogen spillover. It is possible
that those oxygen atoms (likely in the form of graphite oxides) provide a H-bonding
network, similar to what was found in MoQg, that allows H atoms on the Pt catalyst to
migrate to the substrate. If these H atoms are “hot” on migration (i.e., they have a high
kinetic energy), they will immediately form a bond with a carbon atom nearby. If they are
sufficiently “cold,” the H atoms can be physisorbed at least 2.5 A above the graphitic
surfaces, in which case H diffusion throughout the surfaces is energetically feasible. Of
course, it remains a question how stable these physisorbed H atoms are on the carbon
material surfaces and the degree to which H atoms recombine to form molecular
hydrogen.
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An ab initio molecular dynamics simulation of 60 H atoms physisorbed on Cgo at RT
suggests that most of the H atoms will either form C-H bonds with the fullerene or
recombine to form H, molecules, the latter of which does not contribute to the overall
hydrogen storage capacity. In the final step of the hydrogen spillover process, APCI
studied diffusion of a H atom chemisorbed on surfaces of the selected graphitic materials.
Similar to the calculated chemisorption strength, the calculated diffusion barriers were
also found to be curvature-dependent with a higher barrier associated with carbon atoms
of higher-curvature SWNTSs. The computational results suggest that it would be difficult
for chemisorbed H atoms to move freely at moderate, near-ambient temperatures,
because diffusion must require C-H bond dissociation, which requires substantial
activation energy for all the materials investigated here. The implication here is that H
diffusion in graphitic materials would not be energetically favorable if the H atom is
chemisorbed, and APCI suggests that a possible mechanism for H atoms to spread out in
the entire material is via physisorption.

In additional studies, APCI conducted extensive theoretical calculations using DFT by
first mapping out the energy profile of hydrogenating one C atom on selected carbon
materials and subsequently performing ab initio molecular dynamics simulations on an
assembly of physisorbed H atoms on graphene and on fullerenes such as Cg at RT (Sha
et al. 2008). APCI also explored the influence of substrate type on hydrogen spillover
capacity and on dehydrogenation by evaluating the average C-H bond strength. The
results indicate that the energetic well depth of the C-H bond formation increases as the
size of fullerenes decreases, and that kinetically, this reactive process is essentially
barrierless. Hydrogenation of graphene requires an activation energy of ~0.2 eV, and a
corresponding well depth of 0.76 eV. Hydrogenation of these carbon materials presents
an energetically competitive process to H recombination to form H,. APCI’s ab initio
molecular dynamics simulations suggest that both processes will occur simultaneously. In
particular, the study indicates that the physisorbed H atoms in the selected carbon
environments are only metastable and ultimately will either react with the carbon
substrates to form C-H bonds or recombine to form H, molecules. The recombined H,
molecule can of course interact again with the metal catalysts to regenerate H atoms in a
cyclic hydrogen/physorbed H atom/recombined hydrogen process. It appears that the H
physisorption process provides a means for H atoms to diffuse from the sites near the
metal catalyst particles to distant sites, which is a necessary component of the H spillover
phenomenon.

The degree of inherent curvature of the external surfaces of fullerenes and the resulting
effects of the bond-angle distortions of the carbon atoms in the fullerenes has a profound
influence on the thermodynamics of C-H bond formation. The calculated reaction
energies of forming H, molecules from the hydrogenated fullerene molecules as well as
for graphene appear to be favorable. However, based on the calculated average C-H bond
energies, APCI believes that it will be kinetically challenging to break moderately strong
C-H bonds, and a carefully designed catalytic process would be necessary to facilitate the
hydrogen desorption process.
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2.13.5.5 Hydrogen Storage via Spillover

The HSCoE partners at Michigan pioneered storing substantial quantities of hydrogen at
ambient temperature via spillover (Li and Yang 2007; Lueking and Yang 2007). These
high, ambient-temperature hydrogen storage capacities were achieved using a variety of
materials and catalysts, and some of the results have been experimentally reproduced by
other scientists (Chen and Huang 2007; Dutta et al. 2007).

The HSCoE and others investigated the use of many different materials to understand
how to increase capacities and adsorption rates. These materials include carbon
nanofibers (Marella and Tomaselli 2006); activated carbon (Zielinski et al. 2005);
graphite (Mitchell et al. 2003); SWNTs (F.H. Yang, Lachawiec, and R.T. Yang 2006);
and MOF complexes (Li and Yang 2006). An overview of the types of systems
investigated by HSCoE partners is shown in Table 2-9.

In addition to sorbents and catalysts, sample preparation to control structure, chemical
composition of the receptor surfaces, and catalyst properties were also critical
components in spillover material development. Thus, a variety of solution- and vapor-
phase deposition techniques were investigated to achieve high metal dispersion and
appropriate receptor properties for high-capacity spillover. In general, the most
straightforward way to achieve spillover is by directly integrating metal catalysts with the
receptor surfaces. High metal dispersion and intimate contact with the receptors are
critical for effective spillover. The HSCoE partners developed a number of techniques to
integrate 1-3 nm metal catalyst particles including direct mixing, incipient wetness
impregnation technique, microwave-assisted deposition, magnetron sputtering, and
microemulsion. However, in the case of some receptors such as MOFs, direct metal
integration was not possible. In these cases, catalysts on supports were integrated with the
receptor materials, and it was determined that the formation of “bridges” substantially
improved spillover capacities. These bridges were typically formed by pyrolyzing
sucrose that has been integrated with the catalyst supports and receptors where all the
materials were mixed very well.
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Table 2-9. Overview of the Different Sorbents and Catalysts Used by HSCoE Partners To

Construct Spillover Materials for Hydrogen Storage

Catalvsts Catalysts, Max Gravimetric
Sorbent ysts, Deposition (100 bar, ambient Notes
Metals .
Techniques temperature)
Pt Ru. Pd Solution Electroless: Variation in
Activated Carbons = dI'-| C':erif;l Microwave performance
(ax-21, CM-Tec, ', . Processing, ~1.6% dependent on catalyst
Ni, Pt-Ceria L . .
maxsorb 20/30) Sputter Deposition dispersion support
Core Shell . . .
Microemulsion surface chemistry
Pt Ru. Pd NA Considerable water
Graphene Oxides PN Solution Side reactions formation with all
PdHg !
dominate catalysts
Carbon Aerogels Pt, Ru, Pd, Solution, Microwave NA No enhancement
Ni observed
Maximum adsorption
Metal-Organic Pt, Ru, Ni, . . ~4% with bridged for spillover observed
Frameworks Pd Solution, Bridging materials ~4 wt % (highly
unstable materials)
Solution Electroless: ~1.8% wt % for Pt templated carbon
Templated Carbons Microwave ' zeolites (>2000 (silica) showed max
(silica spheres, ! m°/g) capacity enhancement.
] Pt, Ru, Pd Processing, . .
commercial Sputter Deposition ~1.2% for silca Pt TC from zeolites
zeolites) P P templates (<600 showed maximum
m°/g) capacity at ~2 wt %.
. . Observed formation of
Single-Walled Solution, Vapor 0 0 : : .
Carbon Nanohorms Pt, Ca phase ~1.5% wt % C-H interaction \_Nlth
neutron scattering
Boron-Substituted
Carbon Support . . 0 0 0
(templated growth Pt, Ru, Pd Solution, Microwave, | ~1.0 % wt % (160 15% enhancement

on activated carbon
or zeolites)

Sputter Deposition

bar)

over base materials

Spillover Receptors
The HSCoE focused a great deal of effort on understanding and improving spillover on
carbon-based receptor materials. For example, a hydrogen spillover-induced increase of
hydrogen storage capacity for activated carbon and SWNTSs by factors of 2.9 and 1.6,
respectively, was observed (Lachawiec, Qi, and Yang 2005). This difference may be
consistent with the predictions discussed above that suggest that the higher-energy curved
surfaces and/or the inability to populate both the inside and outside of the nanotube
surfaces may decrease the amount of hydrogen that can be stored on the nanotubes.
However, based on the unique processes involved with spillover, which has been
described as “loosely adsorbed” hydrogen atoms on receptor surfaces (Zielinski et al.
2007), a number of other factors may also account for the differences between different
receptors. Even minor deviations in sample preparation and treatment may lead to
diminished or no spillover. For metal-carbon systems, the different factors that affect

spillover include:

1. Highly dispersed metal nanoparticles (i.e., ~2 nm diameters) enhance spillover.
As with synthesis of fuel cell catalyst materials, the Pt particle size is affected by
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the nucleation rate versus particle growth during catalyst deposition, and an
aggregation can occur during the activation heating, or even from the exothermic
nature of side reactions during sorption measurements.

2. ltis speculated that in the case of highly dispersed Pt for example, the specific
face, such as Pt(110), and high energy edges/steps are the most preferred for
effective splitting of hydrogen.

3. Improper activation and catalyst cleaning, as in the case where RuO; is formed,
can lead to a large amount of water or other irreversible side reactions that
adversely affect the spillover measurements.

4. Ultrasonication can assist in creating more intimate contacts between the particles
and the substrate during the impregnation of metal particles, however it can also
oxidize the surface and collapse fine structures within the support.

5. After reduction by H; at ~573 K, sample pretreatment by degassing at higher
temperatures (e.g., 623 K) is needed to fully remove hydrogen and other
molecules from the carbon surfaces.

6. For catalyst-bridged MOFs, the MOF’s quality and particle size are affected by
the starting materials and the synthesis method. Nanosized MOFs are preferred
because the nanosized MOFs have more external surface area and more contacts
with the dissociation source.

7. For MOFs, direct integration of the catalyst induces structural collapse and other
issues, so mixing and bridging are necessary. Uniform mixing of the three
components, Pt/C, sucrose, and MOF, is very important for hydrogen spillover,
which is affected by the sample amounts, compatibility in the particle sizes, and
the grinding time and intensity. Batch-to-batch mixing issues must be reduced to
decrease the large storage capacity variability presently observed with these
spillover materials. In addition, carbonization temperature (e.g., ~523 K) is
important and dependent on the MOF. Temperatures that are too high will
degrade the MOF structure due to the exothermic carbonization process for
sucrose or glucose. It is also crucial to minimize the exposure of MOFs to
ambient air. The moisture in the air causes hydrolysis of the MOFs.

8. Prior to measurements and characterization, a high-degassing temperature (473 K)
is needed to fully prepare the sample.

INS spectroscopy demonstrated spillover hydrogen on carbon sorbents (Mitchell et al.
2003). Similar neutron scattering observations were made for SWNH materials by the
HSCoE partners at ORNL. Nanohorns are cone-shaped, atomic-layer-thick
nanostructures that contain preferred hydrogen adsorption sites in their tips and have
variable internal and interstitial pores that have been shown to contain hydrogen at liquid-
hydrogen density or higher (see Figure 2-7). Nanohorns can be functionalized by
tailoring their pores and by metal decoration and have unique adsorption sites for
catalysts. Pt-nanohorns, in which the nanohorns were oxidized, were reported to have
significantly higher hydrogen storage capacity at ambient temperature compared to
oxidized nanohorns without Pt. The “nanoengineered pores” of nanohorns are distinct
from other carbon materials, by both the unique nanostructure self-assembled during
synthesis and the activated pores during oxidation.
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One of the breakthrough developments made by the HSCoE was Michigan’s use of
carbonized bridges that enable good interconnection between different components and
MOFs, which are used as receptors. Because of their variable building blocks,
frameworks have very large SSAs, high porosities, uniform and adjustable pore sizes, and
well-defined hydrogen occupation sites. These features make MOFs promising
candidates for hydrogen storage, but frameworks typically decompose with direct catalyst
integration. However, Michigan demonstrated that bridging materials can be used to
effectively join catalysts with the frameworks to substantially increase hydrogen spillover
capacities (i.e., greater than 4 wt % at ambient temperatures).

Spillover Adsorption and Desorption

To obtain a better understanding of the processes involved in spillover, deuterium isotope
tracer and TPD studies were performed with Pt/C samples (Y.W. Li, F.H. Yang, and R.T.
Yang 2007). A typical result is shown in Figure 2-29.

10 K/min

Signal (a.u.)

50 150 250 350 450 550 650
Temperature (K)

Figure 2-29. TPD result from 6 wt % Pt on templated carbon (3400 m2/g) after dosing
with 0.4 atm H, followed by D, at 298 K for 5 min (followed by quench, gas phase removal,
and TPD)

In these experiments, ~0.4 atm of H, was dosed first, followed by dosing with 0.4 atm
D,. The TPD results show clear desorption peaks of D, hydrogen deuteride (HD), and
H, in the reversed sequence of dosing. Importantly, a large desorption peak of HD
occurred. The results are direct evidence showing that (1) atomic species are formed
during spillover storage to account for the formation of HD, and (2) the desorption step
follows a reverse spillover process, i.e., atoms migrate back to the metal particle, on
which to recombine and desorb as molecules. These results are consistent with the H,
molecules undergoing dissociative chemisorption on interacting with a supported
transition metal catalyst (e.g., nanoparticles of platinum); the generated H atoms
migrating from the catalyst particles to the storage receptor materials; and the H atoms
further diffusing across the receptor surfaces in a wave-front motion in which the first
atoms on are the ones that move the furthest away from the catalysts. Furthermore, for
the spillover process to occur to any significant extent, it is essential that the H atoms be
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able to move from the vicinity of the catalyst particles to substrate sites far from where
the catalysts reside. Within the HSCoE, active research efforts were made to understand
the hydrogen spillover processes. These studies have suggested elements of the spillover
mechanisms that can satisfactorily explain the observed large storage capacity (>4 wt.%
of H,) and facile hydrogen desorption kinetics from the carbon-based storage compounds
at near-ambient temperatures (Mavrandonakis and Klopper 2008). The key issues really
revolve around the kinetics of atomic hydrogen diffusion on the receptor materials.

Spillover Kinetics

The kinetics of adsorption and desorption was measured as percent completion (or
fractional completion) during each pressure-changing step when obtaining volumetric
sorption properties. Figure 2-30 shows the adsorption and desorption kinetics using a
Pt/AX-21 sample at various end pressures (5-100 atm) and 298 K. The results indicate
that desorption rates are always higher than adsorption, and that the rates decreased with
hydrogen loading. Although the adsorption rates are slow to reach full capacity at a given
pressure, a large fraction of full capacity is achieved within a few minutes, indicating that
if sufficient capacity can be achieved with spillover, then refueling rate targets may be
met without reaching the full capacity of the sorbent. In addition, NREL demonstrated
that by using higher initial pressures, the adsorption rates increased, and Michigan and
NREL identified methods to increase adsorption rates by improving catalysts and
receptor properties. In general, the desorption rates, which are faster than adsorption, are
sufficient to meet the DOE fuel delivery rate targets.
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43 atm 34 atm
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40 40 1
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20 20 1
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Figure 2-30. Rates of adsorption (a), and desorption (b) at different pressures using Pt/AX-
21 samples (T = 298 K)
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2.13.5.6 Other Weak Chemisorption Hydrogen Storage Materials

The HSCoE also investigated other methods and materials to form reversible ambient-
temperature hydrogen-storage materials. As discussed in the Cross-Cutting Theory sub-
section that follows, direct metal integration into lightweight structures and/or materials
such as endohedral fullerenes may catalyze molecular hydrogen dissociation and storage
as atomic hydrogen. Furthermore, as discussed previously in this document, APCI
identified that BC, materials may also catalyze hydrogen dissociation and store atomic
hydrogen. HSCoE partners performed some experiments investigating some of these
novel materials, but focused development efforts were not performed. For example,
NREL developed solution-phase hydrogenation of carbon nanostructures and
demonstrated methods to reversibly adsorb and desorb the atomic hydrogen. The key to
these materials is the reduction of the nanostructures by alkali metals. This reduction and
subsequent hydrogenation can be accomplished via two distinct methods: a modified
Birch reduction in liquid ammonia; and a reaction with alkali metal naphthalides in
tetrahydrofuran. The extent of hydrogenation observed ranged from CisH (~0.8% w/w)
to C,H (~ 4.0% w/w), depending on the carbon source materials and alkali metal. The
stability of the C-H interactions, as measured via thermal desorption, varied from ambient
temperature to ~400°C depending on the materials and processes used.

2.13.6 Cross-Cutting Theory

As discussed throughout this document, first-principle models were used to design and
predict the performance of hydrogen storage materials. The vast majority of these efforts
were directly integrated with experimental efforts. However, predictive efforts easily
outpace experimental ones, and several important theoretical findings stand alone and
must be fully vetted by future focused experimental efforts. Some of the more important
findings are discussed in this section. Table 2-10 provides an overview of the types of
efforts performed by the HSCOE.

Table 2-10. Overview of Predictive Efforts for Desighed Hydrogen Storage Materials

Optimized . : Strong/Multiple Weak
Nanostructures SUsE e s H, Binding Chemisorption
T™-, Li-, Ca- Hydrogenated
Carbon B, Be-doped carbon decorated é %NTS
nano-framework cages, tubes carbon cages, 60, '
metallofullerene
tubes, graphene
TM, Li, Ca
decorated MOF, Nanoaraohene
Porous carbon B-doped porous carbon COF, carbon graphene,
nanographite
nano-
frameworks
Carbon TM carbide
B-doped graphite, BC, nanoparticles, MOFs
nanotubes
Met-Car crystals
Activated carbon
(the effect of N-doped carbon TbM-decorated Met-Car
. oron cages
dangling bonds)
Nanographene F anion-intercalated Metallo- Transition metal
grap graphite and N- borane and )
. borides
doped graphite carborane
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Optimized . : Strong/Multiple Weak
Nanostructures SS=e] ISR H, Binding Chemisorption
Tetrathiafulvalene - intle_:’czca:lze q
Zeolites tetracyanoquinodimethe hit dB- BCy
(TTF-TCNQ) graphite and
doped graphite
Hydrogenation
Li-dispersion in of
porous SiO, hydrocarbon,
BNH molecules
Metal-decorated
polymers,
dendrimers

2.13.6.1 Hydrogenation of Boron-Nitride Materials

In addition to performing detailed investigations of the different components involved
with weak chemisorption of carbon-based receptor materials, NREL also looked at other
systems including boron nitride (BN), Met-Cars, and macromolecules. BN is analogous
to C material in that both have 1-D atomic chains, 2-D sheets or shells, and 3-D
diamondlike structures via different types of hybridizations. The sp® hybridization in BN
crystals is similar to that in diamond, except that the B-N (C-C) bonds are polar (non-
polar). Thus, the hybridizations in 1-D chains or 2-D sheets of BN differ more than the
standard sp and sp” for carbon. To describe the origin of this difference, we first examine
the electronic structures of BHz and NH3; molecules, both of which are sp2 cordinated.
However, there is a hole state in BH3, whereas the NH; has a lone electron pair.
Therefore, a double bond in the BN sheets should contain a c-bond and a nonclassical
bond, rather than a o-bond and a classical -bond. For the same reason, each triple bond
in a B-N chain has a  component, a = component, and a nonclassical component (see
Figure 2-31).

BNH, C=@=0=0
Q )

BNH,  P—d o —
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Figure 2-31. Atomic structure and charge contour of small boron-nitride molecules
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The different nature of hybridization in BN and C systems should be reflected in their sp-
sp?-sp transitions, as shown in Table 2-11 for the reaction heats of sequential
hydrogenation of their small molecules. The sp-sp? transitions (shown by the first column
in Table 2-11) in carbon and BN systems are very similar, but sp>-sp® transitions (the
second column) are completely different. The difference originates from the fact that the
rehybridization consumes, respectively, a classical = bond in the carbon system and a
nonclassical bond in the BN system. Obviously, the nonclassical B-N bond is more stable
than the C-C or B-N = bonds. This is also evidenced by the fact that transition metal
atoms bind less strongly to BsN3Hg than to benzene ring. The other distinguishing result
is the reaction-heat differences of the sp®-sp® transitions in diatomic molecules and the
aromatic rings. Because of the aromaticity, hydrogenation of benzene ring gives reaction
heats that are 110 kJ/mol H; less than that of C,H,4. The difference is only 15.5 kJ/mol H;
for the BN systems, indicating a much less pronounced resonant effect of the nonclassical
bonds (at least in this particular case) than that of the delocalized = bonds. Obviously,
hydrogen storage through hydrogenation of BN nanotubes is not feasible.

Table 2-11. Reaction Heat (kJ/mol H,) of Hydrogenation of Small Hydrocarbon and
Ammonia-Borane Molecules

C2H2+H2—)02H4 CzH4+H2—)C2H6 C6H5+3H2—)C6H12
180 200 90
BNH2+H2—)BNH4 BNH4+H2—>BNH6 BgN3H6+3H2—)
B3sNsH 12
168 12
-3.5

The intermolecular interaction in BN systems is stronger than that in hydrocarbon, which
is due to the polarized B-N, B-H, and N-H bonds. For example, C,Hg is liquid with a low
vaporization temperature, but BH3NH3; molecules form solids at ambient conditions. This
renders the ammonia-borane a potential material for hydrogen storage. But it suffers from
slow kinetics and irreversibility once larger BN molecules such as borazine (BsN3Hg) are
formed.

2.13.6.2 Met-Cars

Most transition metals form metal carbides (Oyama, Keiffer, and Carbides 1992) through
polar covalent bonds as a consequence of the moderate difference in electronegativity of
transition metals and carbon. The covalent bonding nature in metal carbides is not as
obvious as in the typical covalent crystals such as diamond. Both carbon and metals have
large coordination numbers in transition metal carbides. For example, TiC has a rock salt
structure in which each carbon or Ti atom has six nearest neighbors. In this sense, the TiC
solid is similar to ionic crystals, and Ti is indeed less electronegative than C. On the other
hand, if one does not distinguish the two types of atoms, the TiC structure is a simple
cubic structure like pure metal, which favors higher coordination numbers. In fact,
carbides formed with transition metals from the left side of periodic table are more ionic
because these elements are more electropositive. Carbides formed with transition metals
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from the right side are more metallic, due to the more valence electrons in these metals.
This explains the decreasing melting point of transition metal carbides from the left to
right in the periodic table (Oyama, Keiffer, and Carbides 1992).

The covalent bonding nature becomes clearer in small metal carbide clusters such as
metallocarbohedrene (Met-Car, TigCjy) in which carbon atoms appear as dicarbon units
(Guo et al. 1992). The two carbon atoms in each dicarbon are connected with a triple
bond in between and bonded covalently with Ti atoms from both sides (Figure 2-32). The
C,Tiz motif in Met-Cars resembles the C,H, molecule. Here the transition metal atoms
not only catalyze the hydrogenation of carbon atoms, but also weaken the H binding to
the carbon atoms significantly. The interaction mechanism can be explained by Figure 2-
32, in which the Ti atoms 1 and 1’ are more reactive and can catalyze dissociation of H;
molecules, which spill H atoms over to the dicarbon (2-2”) in between. However, the C-H
bonds so formed are much weaker than that in a free C,H4 molecule, because the triple
carbon bond in Met-Cars is stabilized by the Ti atom 3 through Dewar coordination.
Importantly, the hydrogen dissociation and recombination is highly reversible through the
catalytic effect (Zhao et al. 2006).
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Figure 2-32. Bonding framework in a TigC;, Met-Car molecule

2.13.6.3 Endohedral Fullerene

An unexpectedly interesting case of carbon hydrogenation affected by metal has been
found in the endohedral metallofullerenes. With the increase of hydrogen coverage,
hydrogenation of empty fullerenes usually is divided into two stages by a critical
coverage (e.g., X = 36 for CgoHy) at which the strain is optimized. The hydrogen binding
is strong (~1.0 eV/H, for Cg) before reaching this critical coverage and drops sharply
after that. This is not so good for hydrogen-storage applications, which would prefer a
flat linear binding behavior with intermediate values (~0.3 eV/H;) in a wide coverage
range (see Figure 2-27). However, metal atoms encapsulated inside the fullerene cages
generally weaken the H binding in the earlier stage and strengthen it in the later one
(Figure 2-33), independent of the reaction pathways (Zhao et al. 2007). The charge
transfer from the inside metal atoms stabilizes the outside carbon cage, and therefore H
binding in the earlier stage is weakened. However, hydrogenation in the later stage
becomes more favorable because it induces negative curvature at the naked carbon sites,
which form chemical bonds with the encapsulated metal atoms. It is interesting that a few

HSCoE Final Report — 118



hidden metal atoms can systematically affect such a complicated reaction by altering the
patterns of hydrogen coverage on the surface of the fullerenes. For example, the inside
metal atoms may also stabilize some special structures, e.g., the naked five-member
rings, which are forbidden in hydrogenation of empty fullerenes.

0.8

0.6

Binding Energy (eV/H,)

Figure 2-33. Energy of H binding to pure Cg, (black curve) and Ca-encapsulated Cgq (blue
curve). When metal atoms are encapsulated, the charge transfer from the metal to the cage
decreases and then increases again as H coverage increases, as shown by the insets,
where the charge density is contributed by the four electrons just below the Fermi level.
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3.0 Results
3.1 Major Findings

The Hydrogen Sorption Center of Excellence (HSCoE) made substantial progress in
developing sorbents for hydrogen storage. This included identifying numerous specific
materials and entire material classes where development efforts either were not started or
were ended, and where the HSCoE recommends that future efforts not be performed on
these materials/classes. In addition, the HSCoE identified clear development paths for
constructing sorbents that have the potential to meet the U.S. Department of Energy’s
(DOE’s) revised 2015 and ultimate full-fleet targets for light-duty vehicles. The HSCoE
recommends that development efforts for specific materials/classes be continued where
there are viable routes for synthesizing sorbents that can be used to meet DOE’s targets.

In general, the major findings for the HSCoE are aligned with the specific sorption
mechanisms investigated. However, one of the more important conclusions of the center
is related directly to the experimental measurements. During the past 5 years, the HSCoE
has measured the hydrogen-storage properties of thousands of different sorbents from
center partners and development groups around the world. The lack of consensus and the
inability to validate storage capacity measurements stands out as a major problem that
plagues the community. This problem is highlighted by the recent European Commission
JRC report showing round-robin test results from the “Novel Efficient Solid Storage for
Hydrogen” partners (Zlotea, Moretto, and Steriotis 2009), which found more than 100%
deviation in capacities for the same relatively low-capacity sorption material.
Reproducibility and measurement error problems tend to only get worse with higher-
capacity laboratory-scale materials where only 50 to 100 mg may be available for
measurement. To be fair, the results from a couple of the laboratories were similar, but
interestingly, the agreement between the laboratories was different depending on the
storage temperature of the measurements.

The HSCoE partners also had significant deviations between different partners, but the
partners worked together to identify measurement differences and to work through the
problems. This included working closely with the writing of DOE’s Recommended Best
Practices for the Characterization of Storage Properties of Hydrogen Storage Materials
(DOE 2008), which provides a comprehensive and detailed set of methodologies for
performing measurements. Paradoxically, implementation of, and the specific protocols
used for, some of the methodologies still results in significant measurement differences,
especially for high-capacity sorbents.

As shown in Figure 3-1, it is possible for two institutions that developed measurement
systems completely independently to get the exact same isotherm for the same material.
The HSCoE was fortunate to have three groups—the National Renewable Energy
Laboratory (NREL), California Institute of Technology (Caltech), and the National
Institute of Standards and Technology (NIST)—that had good agreement in hydrogen-
storage-capacity isotherm results at different temperatures and pressures. The center
worked together to help all the different groups develop protocols to accurately
measurement isotherms, but equipment and training limitations kept even a close group
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such as the HSCoE partners from achieving complete agreement. In general, though,
when partners worked together, hydrogen-storage-capacity measurements could be
brought into close agreement for sorbents, and validation by specific laboratories is
sufficient to ensure the competency of the results.
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Figure 3-1. Excess H, gravimetric uptake isotherms (£ 0.1 % error) of a pyrolized PEEK
material measured at NREL and Caltech. The agreement of the data from two different
laboratories is exceptional, providing very good evidence of the outstanding hydrogen-
storage properties of this sorbent. (A) Shows a full pressure range (0-150 bar) and (B)
focuses on the lower-pressure region (0-50 bar). The estimated error of the excess H,
gravimetric uptakes for the data from Caltech is + 0.1%.
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The important issue here is that the HSCoE, sorbent-development groups, and the
hydrogen-storage community as a whole continue to waste valuable resources dealing
with reports of exceptional hydrogen-storage results that ultimately in months or years
turn out to be basic problems with measurements. As discussed below, one of the HSCoE
recommendations directly addresses this issue by calling for sorbent standards and
qualification practices to be implemented that go well beyond what can be accomplished
with the Best Practices Document. The other reason for spotlighting this important
measurement-reproducibility issue up front is that actual progress and major findings
must be compared to validated results—not to unsubstantiated claims that ultimately
cannot be reproduced. With this in mind, the HSCoE successfully advanced hydrogen-
storage sorbents in a number of ways including improving nanostructures for optimal
hydrogen storage and enhancing isosteric heats of adsorption along with capacities.

3.2 Optimized Nanostructures

In general, storage capacities for physisorption-based sorbents increase with higher
specific surface areas SSAs and higher bulk densities. These are necessary requirements
for high storage capacities, but other factors, including optimized pore sizes and
enhanced binding energies for the entire capacity range, also play a role. The HSCoE
focused efforts to improve all of these material properties independently and
simultaneously. During the lifespan of the center, a tremendous amount of progress was
made on increasing SSAs of materials using coordinated-framework and porous carbon
materials. SSAs were increased by ~50%, gravimetric capacities were increased by
~40%, and volumetric capacities were increased by more than 100%.

The HSCoE pursued several synthetic routes to form optimized geometric materials using
processes that include templating, graphene, aerogel, chemical, vapor, and/or pyrolysis.
Even though most of these materials will require cryocompression, they have no
significant heat-transport issues, can operate at moderate pressures, and may require the
least engineering (compared to metal or chemical hydrides) to design and construct a
storage system that could meet the DOE targets. Some of the center’s accomplishments
and findings related to optimized nanostructures for hydrogen storage follow.

3.2.1 Enhancing Physisorption Enthalpies Through Geometric Structures
The graphene layers in materials such as graphite and carbon nanotubes are one of the
most ideal sorbents because they are lightweight, chemically resistive, strong, and have
high thermal conductivity. However, the main issue is providing appropriate spacing (i.e.,
0.7 to ~1.5 nm) between the graphene layers to maximize hydrogen storage. HSCoE
partners, Rice University (Rice) and Caltech, investigated ways to prop open the
graphene layers using intercalated scaffold molecules and alkali metals. Rice leveraged
its extensive expertise with carbon nanotubes to form nanoribbons by exfoliating
(Kosynkin 2009) graphite and integrating proppants such as aryl sulfonates, methyl di-
aniline, and t-butyl aniline (Lomeda 2008) to form graphene scaffolds. These graphene
scaffolds effectively form idealized slit pores with the appropriate uniform spacing to
provide hydrogen storage with a fairly uniform isosteric heat of adsorption over the entire
capacity range. Using these methods the HSCoE constructed sorbents with SSAs as high
as ~900 m%/g that have shown higher hydrogen-storage capacities than activated carbons
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with similar SSAs. Ideally, graphene scaffolds could have SSAs >2500 m?/g and
maximum excess hydrogen-storage capacities >7 wt % and 50 g/L at ~80 K and ~40 bar.
These graphene scaffolds can be formed into structural components including fibers and
are projected to cost $1 to $3/kg ($20 to $70/kg H,). Furthermore, the graphene scaffolds
functionalized with materials such as pyridine may be used to stabilize support alkali
metals to electrostatically enhance hydrogen adsorption and enable higher-temperature
storage. Although a significant amount of work is still required to synthesize scaffolded
graphene sorbents that meet their potential in terms of capacities, these materials
represent the “ideal” slit-pore geometry for optimal hydrogen storage in which almost all
the hydrogen is sorbed with approximately the same isosteric heat of adsorption.

Isosteric heat, or the heat produced during the hydrogenation process, is an important
parameter that must be considered when engineering hydrogen-storage systems. Material
systems in which the isosteric heat decays with hydrogen loading create additional
engineering challenge, because they will require different pressures and temperatures to
load and unload the storage system.

To help understand this issue further and to provide insight with some of the graphene
scaffolds being made by Rice, Caltech synthesized and evaluated stage 2 (i.e., two
graphite layers with no guest material in between and alternating with an intercalated
layer) alkali metal-intercalated graphites. Compared to typical activated carbons

(Figure 3-2), these systems effectively maintain a constant isosteric heat for the entire
capacity range (Figure 3-3). The isosteric heat in KCy4-, RbCy4-, and CsCyy4-intercalated
graphites are 9, 11, and 13 kJ/mol H, respectively, and unlike most other physisorbents
where the heats decay as a function of loading, the values from intercalated graphites are
generally constant as a function of loading (Purewal 2010).
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Figure 3-2. The H, isosteric enthalpy of adsorption for ACF10, ACF20, and CNS201 as a
function of excess adsorption. Inset: the isosteric heat is plotted as a function of the
fractional amount of adsorption (excess adsorption divided by the saturation adsorption
amount at 77 K).
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Figure 3-3. (Upper) 77 and 87 K isotherms of KC,,4 (K intercalated graphite) with a blowup
of the low-pressure regime in the inset. (Lower) Plot of the isosteric enthalpy of adsorption
demonstrating nearly constant sorption enthalpy values with loading.

The result from ACF10 is particularly important, because the near-single pore size in this
material should provide a fairly constant heat of adsorption as a function of loading of
~5 kJ/mol. It should, but it does not. This result suggests that even in materials with
uniform pore sizes, other effects or features may be important for hydrogen storage (e.g,
edge, exterior surfaces, or surface functional groups). The alkali-intercalated graphite
materials also demonstrate that higher isosteric heats of adsorption can be achieved with
appropriate geometrical structures. However, as seen in Figure 3-3, the overall
gravimetric hydrogen-storage capacity is substantially reduced (i.e., to ~2 wt %
maximum excess adsorption at 77 K). This is because the higher heat of adsorption is
being provided by the hydrogen molecule interacting with two graphene layers (instead
of one), thus substantially decreasing the number of adsorption sites for other hydrogen
molecules. Thus, while geometrical structures can provide higher heats of adsorption that
enable a higher hydrogen capacity at higher temperatures, the overall maximum
achievable capacity is substantially decreased. Specifically, the storage capacity of the
alkali metal-intercalated graphite at 195 K is ~1.3 wt % or ~65% of the 2 wt % maximum
excess at ~80 K. This is substantially higher than the 25% to 35% observed at ~195 K for
typical single-walled physisorption materials (Richard, Bernard, and Chahine 2009),
demonstrating that enhanced isosteric heats retain more of their hydrogen-storage
capacities at higher temperatures. However, the ultimate storage capacities of typical
high-SSA carbons at 195 K is ~2 wt %, so even though the retained component is less
with lower binding energy, the increased SSA of typical activated carbons creates a
higher overall capacity. These intercalated graphite results support the predictions of
higher isosteric heats with narrower pore sizes in the range of 0.6 to 0.9 nm, the ability of
intercalated graphite to monoatomically disperse alkali metals, and/or the potential
enhanced heats of adsorption by electron donation to the lattice from the alkali atoms,
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resulting in enhanced (10 to 15 kJ/mol) heats of adsorption. However, even if stage 1
(i.e., in which graphite layers and intercalated layers alternate) alkali metal or similar
intercalated graphite materials could be made, effectively doubling or possibly tripling
the capacities reported in Figure 3-3, the substantially smaller pore sizes needed to obtain
the higher heats of adsorption result in capacities that are too low to be used to meet DOE
2015 targets.

The HSCoE work with intercalated and scaffolded graphite/graphene provided valuable
insights into the effects of uniform pore distribution, geometrical structures providing
enhanced isosteric heats of adsorption and thus higher retained capacities at higher
temperatures, and potential methods to construct viable hydrogen-storage sorbents that
may be used to meet DOE targets. In addition, this work clearly demonstrates that the
only way to enhance isosteric heats of adsorption with geometrical structures requires
multiple-wall adsorption effects that ultimately decrease the maximum excess capacity of
the sorbent. It may be possible to attain higher capacities at temperatures approaching
ambient with these geometrically enhanced heats, compared to that for typical
physisorption materials, but the capacities for either will not be sufficient to meet DOE
2015 hydrogen-storage targets. Thus, the emphasis for future work to increase heats of
adsorption must focus on enhanced binding to single surfaces and not on “geometrical
structures” in which multiple-wall interactions are required. In effect, physisorption
materials that have the largest gradients in isosteric heats as a function of loading
probably have significant amounts of these sites that ultimately decrease the maximum
attainable excess capacities, and thus should be reconfigured.

3.2.2 Increasing Specific Surface Area

As discussed previously, in general, storage capacities of physisorption-based materials
increase with higher SSAs and higher bulk densities. Therefore, the HSCoE performed
systematic experiments to determine viable methods to inexpensively increase the SSA of
sorbents. Intrinsically, the solution-based synthesis processes associated with carbon
aerogels and coordinated framework sorbents offer potentially inexpensive routes to
high-SSA sorbent manufacturing. During the lifespan of the HSCoE, substantial progress
was made on increasing SSAs and hydrogen-storage capacities of materials using
coordinated framework and porous carbon materials. For example, sorbents were made
with >6000 m?/g Langmuir SSAs and excess hydrogen-storage capacities greater than

7 wt % and 35 g/L. This represents a 25%-50% increase in SSAs and storage capacities
since the center’s inception, and has led to sorbents that may be used to meet DOE
hydrogen-storage system targets.

3.2.2.1 Carbon Aerogels

Carbon aerogels (CAs) are a unique class of porous materials that possess a number of
desirable structural features for the storage of hydrogen, including high SSAs

(>3000 m?/g), continuous and tunable porosities, and variable densities. In addition, the
flexibility associated with CA synthesis allows for the incorporation of modifiers or
catalysts onto the surfaces of the carbon matrix in order to alter hydrogen sorption
enthalpies in these materials. Since the properties of CAs can be systematically modified
(i.e. surface chemistry, pore structure, amount/type of dopant), novel materials can be
fabricated that exhibit enhanced hydrogen storage properties. Lawrence Livermore
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National Laboratory (LLNL) within the HSCoE explored several approaches to
synthesize new activated CA H, sorbents with Brunauer-Emmett-Teller (BET) SSAs in
excess of 3200 m%/g (Baumann et al. 2008). These SSA values are the highest known for
CAs and are comparable to those of the highest-SSA activated carbons. At 77 K, surface
excess H, sorption of the CAs scales with BET SSA as high as ~2500 m?/g, yielding
gravimetric densities as high as ~5 wt % H, (Kabbour et al. 2006). The SSA dependence
for activated CAs with SSAs >3000 m%/g, however, is somewhat weaker, with these
materials showing gravimetric densities of ~5.3 wt %. The weakened SSA dependence is
due likely to the change in micropore structure that occurs at longer activation times; i.e.,
larger size structures that can produce higher SSAs ultimately do not add as much to
hydrogen capacity. Nevertheless, the absolute value of 5.3 wt % is comparable to the
highest values measured in other porous carbon systems. It is important to note that the
surface excess hydrogen values are a measure of H, adsorbed on the surface of the CA
only and do not account for free hydrogen gas in the pores of the CA. Therefore, total
gravimetric hydrogen capacities (free and adsorbed) in these CA materials are higher than
the surface excess values.

In addition to gravimetric capacity, volumetric capacity is an equally important
consideration in the design of functional hydrogen sorbents. The bulk monolithic
densities of the CA sorbents depend on the degree of activation, and, as a result, the
volumetric capacity of these materials can range from 10 to 29 g Ho/L. Although these
values are on par with those of other porous carbon materials, the volumetric capacities
are still too low for practical storage systems, and pore-structure optimization (i.e.,
increased micropore volume) of the CA sorbents is required for increased hydrogen
energy density. For example, as stated previously, further modification of the activation
process should improve the micropore size distribution in the CA sorbents. The
hydrogen-binding enthalpies measured for the activated CAs ranged from 6.7 to

6.2 kd/mol, as would be expected for a carbon-based sorbent.

The key to commercial application of these materials will be increasing the volumetric
hydrogen capacities in the activated CAs. Going forward, further modifications to both
the aerogel framework and the activation process should yield CAs with increased
volumetric capacities for hydrogen. These materials possess a number of other desirable
qualities for use as hydrogen sorbents. For example, the CAs are prepared as robust and
conformable monolithic structures, an important aspect both in terms of material handling
and storage tank design. In addition, the thermal conductivity in these monolithic
structures is greater than that of powder or granular sorbents. As a result, the CAs are
expected to more efficiently manage the flow of heat in and out of the storage tank during
charge/discharge cycles relative to beds of packed powders. Finally, the synthesis of
these CA sorbents is relatively inexpensive and amenable to large-scale production.
Recent cost analysis of resorcinol-formaldehyde aerogels have shown that these materials
can be produced for less than $2.00/kg, including the cost of raw materials, energy,
manpower, equipment, and facilities (Carlson et al. 1995). From this analysis, the cost of
materials, namely that of resorcinol, was determined to be the key cost driver in the
manufacture of these materials. The overall cost of CA sorbents can be reduced
significantly through the substitution of phenol for resorcinol in the sol-gel
polymerization reaction. Although phenol is not as reactive as resorcinol in addition
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reactions with formaldehyde, LLNL previously showed that phenol can indeed be used to
prepare CA materials with textural properties similar to those prepared with resorcinol.
When using phenol as the aromatic sol-gel precursor, the cost of the activated CAS is
calculated to be less than $0.60/kg. Therefore, these sorbent materials are viable
candidates for the cryogenic storage of hydrogen in vehicular applications as well as
other technologies, including stationery power generation or portable power sources. In
general, CAs enable a very flexible format for tuning pore sizes and incorporating
multiple components into a relatively inexpensive (less than $12/kg H,) sorbent.
Although further optimization is required to help meet specific application targets, CAs
are a scalable, commercially manufacturable route to making large quantities of
hydrogen-storage sorbents.

3.2.2.2 Carbon Aerogel Scaffolds for Complex Hydrides

Among the various strategies investigated for the solid-state storage of hydrogen, the use
of light-element complex hydrides, such as amides (i.e. NHy), borohydrides (BH;") and
alanates (AlH,"), offers a number of advantages, including high gravimetric and
volumetric hydrogen capacities (Orimo et al. 2007). The thermodynamics and kinetics
associated with reversible hydrogen storage in these systems, however, present
significant obstacles to their use at reasonable operating temperatures and pressures. For
example, decomposition of LiBH,4 to LiH, B, and 3/2 H, generates 13.6 wt % hydrogen
(Zuttel et al. 2003). Yet, the enthalpy for this reaction is ~67 kJ/mol H; and, as a result,
this system must be heated to temperatures greater than 400°C to produce an equilibrium
H, pressure of 1 bar. In addition, the kinetics of both hydrogenation and dehydrogenation
in these systems are quite slow. One approach to improve these reaction rates is through
the incorporation of catalysts, such as Ti, into the light metal hydride system
(Bogdanovic et al. 2000; Bogdanovic and Schwickardi 1997).

As an alternative, nanostructured hydrides have been shown to exhibit enhanced kinetics
for reversible hydrogen storage relative to the bulk materials. The shorter diffusion
distances for hydrogen as well as the other elements (e.g., Li, B) within the
nanostructured hydride can lead to improved rates for both hydrogenation and
dehydrogenation. This effect, however, is diminished after several cycles, which is due to
coarsening of the material structure. To overcome this limitation, the center’s efforts
focused on the design of nanoporous materials that can act as scaffolds for nanostructured
hydride materials. Incorporation of the metal hydride into a porous scaffolding material
can potentially limit coarsening and, therefore, preserve the enhanced kinetics and
improved cycling behavior of the nanostructured metal hydride. Previous work showed
that the kinetics of hydrogen sorption in both chemical and complex hydrides can be
improved through the use of nanoporous scaffold materials (Stephens et al. 2009; Gross
et al. 2008; de Jongh et al. 2007; Yu et al. 2007; Zhang et al. 2007; Balde et al. 2006;
Gutowska et al. 2005). Practical application of the scaffold approach, however, requires
the design of porous solids with (1) small pore sizes (< 20 nm) to confine the
nanostructured hydride, and (2) large accessible pore volumes (> 4 cm®/g) to minimize
the gravimetric and volumetric capacity penalties associated with the use of the scaffold.
In addition, these scaffold materials should be chemically inert, mechanically robust, and
capable of managing thermal changes associated with the cycling of the incorporated
metal hydride. LLNL worked with the Metal Hydride Center of Excellence (MHCOE) to
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design and develop porous CA scaffolds. These efforts focused primarily on the design of
porous carbon scaffolds for the mixed LiBH4/MgH, system. This system was of particular
interest in the MHCOE as an example of a destabilized metal hydride. Destabilization has
been proposed as a means for overcoming the thermodynamic issues associated with
using complex hydrides for reversible hydrogen storage at practical temperatures and
pressures. The strategy involves the addition of a secondary component to a hydride
system that forms an alloy or compound with the dehydrogenated products and, therefore,
provides a lower energy pathway for H; sorption. In the case of LiBH4/MgH,, MgB; is
formed in the dehydrogenated state, thus reducing the reaction enthalpy of the system
(Vajo, Skeith, and Mertens 2005). LLNL’s work on scaffold design was performed in
collaboration with groups at HRL Laboratories and NIST. The majority of the efforts
were directed toward fabrication and optimization of CA scaffold systems for LiBHj.
Incorporation of metal hydrides into the scaffold and evaluation of the kinetics and
cycling performance of these composites were performed at HRL. Characterization of the
CA scaffolds and the metal hydride/scaffold composites using neutron scattering was
performed at NIST.

The pore structure within CAs is largely determined by the sol-gel reaction chemistry.
Several factors of the sol-gel polymerization reaction have a significant impact on
network formation in these materials. For example, the amount and type of
polymerization catalyst used in the sol-gel reaction influences the nucleation, growth, and
interconnectivity of the primary particles that comprise the aerogel framework. The
morphology and spatial arrangement of these particles, in turn, determines the textural
properties of the CA. Using this flexibility, LLNL prepared a series of CA scaffolds to
determine the extent to which the different structural aspects of the scaffold (e.g., pore
diameter, interconnectivity, microporosity, surface chemistry) influence the kinetics of
hydrogen exchange in LiBH,. The first-generation scaffolds possessed extremely large
pore volumes (~3 cm®/g), but also contained larger-diameter pores and broader pore-size
distributions. Typically, CAs with large pore volumes also have larger pore diameters.
The LiBH4 composites prepared using these scaffolds exhibited >8 wt % H, desorption
and showed a decrease in hydrogen desorption temperature relative to bulk LiBH,4
(Figure 3-4, blue curve). Although these initial results were promising, reversibility of the
metal hydride in the composite was poor, indicating that the average pore size of the
scaffold was not sufficiently small to alter the kinetics during cycling. Through
modification of the sol-gel formulation, specifically the amount of catalyst, a second
series of CA scaffolds with smaller average pore sizes (<10 nm) and narrower pore-size
distributions were prepared. The resulting materials did not possess the large pore
volumes of the first-generation scaffolds, but they allowed LBNL to investigate the
influence of smaller pore sizes on the cycling of the LiBH4. Composites with LiBH,4 using
these scaffolds did show a more significant decrease in H, desorption temperature when
compared to the larger-pore materials. For example, the LiBH, composite prepared with a
CA with an average pore size of 4 nm had a mid-point temperature of dehydrogenation of
~357°C, compared to 453°C for bulk LiBH, (Figure 3-4, red curve). These results
indicate that confinement of nanostructured LiBH,4 within the scaffold reduces the
activation energy for dehydrogenation, the extent of which is likely correlated with the
pore size of the scaffold. These materials, however, desorbed significantly less H; than
the first-generation materials, a consequence of the smaller pore volumes of the scaffolds
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(<1 cm®qg). To increase the pore volume in these small-pore scaffolds, LBNL further
modified the sol-gel reaction through the addition of anionic surfactants to the sol-gel
reaction (Worsley, Satcher, and Baumann 2010). These structure-directing agents
influence the growth and organization of the primary particles that comprise the aerogel
framework, yielding materials with smaller average pore size and larger pore volumes.
The surfactants are then removed from the aerogel during the carbonization step. With
this approach, scaffolds with average pore sizes of ~15 nm and pore volumes >2.5 cm®/g
were prepared. This set of materials presented a significant step forward in terms of
increasing pore volume in the scaffolds while maintaining smaller average pore sizes.
The H, desorption temperatures observed for LiBH, composites prepared with these
materials (~380°C) was in the range that would be expected for scaffolds with an average
pore size of ~15 nm.
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Figure 3-4. Representative thermal gravimetric analysis data for LiBH,4 incorporated into
various CA scaffolds showing the influence of pore size and carbon nanotubes on the
dehydrogenation reaction. The black curve is LiBH,; mixed with nonporous graphite. The
weight losses indicate dehydrogenation and scale with LiBH, loading.

Further structural refinement of these scaffolds presents a challenging trade-off in terms
of porosity and mechanical properties. Increasing the pore volume in these scaffolds
while maintaining small pore sizes requires that the walls defining the pore structure be
very thin. The thickness of the wall structure, in turn, determines the mechanical integrity
of the material. This aspect of scaffold design is an important consideration, as these
materials need to have sufficient mechanical strength to withstand the stresses associated
with infiltration and cycling of the metal hydride. As an illustration of this point,
researchers prepared and tested two CA scaffolds with extremely large internal mesopore
volumes. The first material had a pore volume of 4.6 cm®/g and an average pore size of
~15 nm, whereas the second material had a pore volume of 5.6 cm®/g and an average pore
size of ~30 nm. Using their respective pore size and volumes and assuming a cylinder-
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shaped pore geometry, an average wall thickness could then be estimated for these
materials. The material with 30-nm pores had an estimated wall thickness of ~1.23 nm,
and the scaffold with 15-nm pores had even thinner walls at ~0.78 nm. These values are
much smaller than those calculated for the other CAs (2 to 3 nm) that had been tested as
scaffolds for LiBH,4. Not surprisingly, monolithic samples of both materials swelled and
then broke apart during infiltration with molten LiBH,, indicating that the wall structures
in these materials were not sufficiently thick to handle the wetting process. Based on
these results, it is clear that viable scaffold candidates will need to be engineered with
average wall thicknesses greater than 1.5 nm to exhibit the necessary mechanical
integrity. Efforts in this area should continue to focus on the fabrication of new robust
scaffold materials with optimal pore structures.

In addition to possessing the requisite porosity and mechanical properties, scaffold
materials should also be capable of managing thermal changes associated with the
cycling of the incorporated metal hydride. As described above, complex hydrides
typically require high temperatures to produce a reasonable equilibrium pressure of
hydrogen. Moreover, rehydrogenation of the complex hydride, if performed on a short
time scale, can generate significant heat loads. Therefore, the framework of the scaffold
should be designed to optimize thermal transport in the composite system. The thermal
conductivity of CAs is reduced relative to an equivalent non-porous carbon, which is due
mainly to the disordered nature of the CA skeleton that restricts phonon propagation in
these materials. Because the thermal conductivity in CAs is dependent on the
interconnectivity of the carbon framework, thermal conductivity in CAs typically scales
with density (scaling factor of ~2.2) and can range from ~0.1 to 2 W/m K (Lu et al.
1993). One approach to improve the thermal transport properties of these materials is to
prepare CA composites with a second material that exhibits superior thermal
conductivity, such as carbon nanotubes (CNTs). CNTs possess high thermal
conductivities (>1500 W/m K) and, based on their extremely high aspect ratios (100 to
1000), only small volume fractions (~0.01) are needed to create a percolation network
within the CA scaffold. Additionally, CNTs can serve as reinforcing filler in the CA
framework and may provide additional mechanical integrity to scaffolds with thinner
wall structures. Our interest in CA-CNT composites as scaffolds is also related to the fact
that CNTs and other graphitic structures have been reported to influence the rate of
hydrogen exchange in complex hydrides, such as LiBH, and NaAIH, (Berseth et al.
2009; Fang et al. 2008). These reports contend that the interaction of the hydride with an
electronegative surface, such as that of a carbon fullerene or nanotube, disrupts the
bonding structure of the hydride and, as a result, provides lower-energy pathways for
hydrogen exchange. Therefore, the incorporation of CNTs into the aerogel structure may
provide multiple benefits in scaffold design in terms of thermal management, mechanical
strength, and sorption Kinetics.

In the course of this work, LLNL developed three different approaches to synthesizing
CNT/CA scaffolds, with each yielding a distinct structural motif. The first approach
involved the dispersion of low levels of double-walled CNTs (DWNT) into the walls of
the CA structure. These materials were synthesized through the addition of the DWNTSs
to the sol-gel polymerization reaction. Because CAs are typically prepared in water, one
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of the main challenges with this approach was efficient dispersion of the nanotubes in the
reaction media to ensure uniform distribution within the aerogel framework. To address
this issue, anionic surfactants were used to stabilize dispersions of the DWNT in the sol-
gel reaction. With this approach, researchers synthesized a series of monolithic CA
composites containing 1 to 8 wt % DWNT (up to 1.3 vol %) homogeneously distributed
throughout the carbon network (Worsley, Satcher, and Baumann 2008). Although these
composite scaffolds exhibited large pore volumes (>2.5 cm®/g), the aerogels also had
rather large average pore sizes (>30 nm). Interestingly, the incorporated DWNTSs appear
to reinforce the aerogel framework and limit the volumetric shrinkage that occurs during
the carbonization process, leading to composites with lower densities and larger average
pore sizes than would be expected based on the reaction formulation. These materials
also exhibited enhanced thermal and electrical transport properties relative to the
undoped CAs of equivalent density (Worsley, Satcher, and Baumann 2009). For example,
the thermal conductivity of a CA composite containing 1 vol % DWNT was improved by
a factor of two (0.072 vs. 0.036 W/m K) compared to that of a pristine CA of equivalent
density. This approach, although promising, was limited in the amount of CNT that could
be incorporated into the aerogel framework. Nevertheless, these materials were tested as
scaffolds, and composites prepared with LiBH,4 showed a significant decrease in the
dehydrogenation temperature (Figure 3-4). This observation was surprising considering
the large average pore size of the scaffold and may indicate that the presence of the
incorporated DWNTSs in the walls of the scaffold, even at these low loading levels, is
influencing the dehydrogenation process.

Based on these promising results, a second approach was developed that allowed for
increased CNT loadings into the scaffold structure. For this process, highly purified
single-walled CNTs (SWNT) were used, as these nanotubes can be readily suspended in
water with sonication and do not require surfactants for dispersion. Unlike the first-
generation CA-CNT composites, these materials comprise mostly SWNTSs (up to

60 wt %), with the sol-gel-derived carbon serving as a “nanoglue” to crosslink randomly
oriented bundles of SWNTSs (Worsley et al. 2009a). The use of the carbon nanoglue
allows bulk transport properties (i.e., thermal conductivity) to be maintained in the
monolithic structures, even at low densities (<10 mg/cm?®). These CNT foams are the
stiffest low-density nanoporous solids reported and exhibit elastic behavior to strains as
large as ~80%. These results indicate that CNT incorporation can potentially be used to
enhance the mechanical properties of the scaffolds. Because the skeletal network is
defined by the large aspect ratio of the CNT bundles, these scaffolds possessed relatively
large pore volumes and very large average pore sizes (>50 nm). Therefore, these foams
were not expected to influence the dehydrogenation rates through pore confinement of
the metal hydride. These scaffolds were used, however, to examine the influence of
higher CNT loadings on sorption kinetics. As with the previous generation of CA-CNT
scaffolds, composites prepared with LiBH,4 using these scaffolds exhibited lower
dehydrogenation temperatures (~360°C)—more than would be expected based on the
pore size of the scaffold. Despite the large increase in CNT content in the scaffold,
however, researchers did not observe a significant reduction in dehydrogenation
temperature for these composites relative to those prepared with the first -eneration CNT
scaffolds. The observation may be attributed to the amount of accessible CNT SSA in
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each type of scaffold. In the scaffolds with high CNT loading, the carbon nanoglue used
to prepare the foam partially coats the surfaces of the CNT bundles, thus reducing the
potential SSA available for interaction with the metal hydride. By contrast, the CNTs in
the first-generation CA-CNT scaffolds are initially coated with a surfactant that is
subsequently removed during the carbonization step, exposing the full SSA of the
incorporated CNTSs. Therefore, despite the large difference in CNT loading levels, the
overall accessible SSA of CNTs in the two types of scaffold may not differ significantly,
thus explaining the similarities in the dehydrogenation temperatures of the incorporated
LiBH,.

To enhance the interaction between the CNTs and the incorporated metal hydride within
the scaffold architecture, LLNL developed a third approach that involves the direct
growth of CNTSs on the inner surfaces of metal-loaded CAs using chemical vapor
deposition. The nanotubes are grown within the free pore space of the aerogel and are not
coated by sol-gel carbon, ensuring accessibility of metal hydride to the CNT surfaces.
LLNL demonstrated the utility of this approach through the growth of multi-walled CNTs
on metal-loaded CAs prepared by the ion-exchange method (Fe-loaded) (Steiner et al.
2007) and the impregnation/reduction method (Ni-loaded). An additional benefit of these
systems is that the CNT catalysts, such as Ni, are also catalysts for hydrogen exchange in
metal hydrides and, therefore, their presence in the scaffold may influence the kinetics of
hydrogen sorption as well. Initial tests with LiBH, composites prepared with these
materials showed an additional decrease in hydrogen-desorption temperature relative to
LiBH,4 composites prepared with the other CNT-CA scaffolds (Figure 3-4, orange line).
The extent to which the improved kinetics can be attributed to the increase in accessible
CNT SSA or to the presence of the Ni nanoparticles was not determined. Nevertheless,
this design approach appears promising and efforts should focuse on optimizing both the
CVD growth process as well as the overall pore structure of the scaffold.

Although pore size clearly influences dehydrogenation kinetics of hydrides, other aspects
of the scaffold structure may play an important role in this process as well, such as
surface texture/composition, micropore content, and pore connectivity. Efforts should
continue to focus on how these structural features affect dehydrogenation rates of LiBH,.
For example, thermal activation should be used to examine how microporosity influences
hydrogen sorption. Thermal activation of CA scaffolds increases the total micropore
volume in these materials without significantly changing the average mesopore size. The
ability to tune the micropore content in these materials may provide some insight into the
role that micropores play in this process. To study the effects of surface chemistry,
thermal treatments should be used to modify the amount and type of edge site
terminations (i.e. oxygen groups, free radicals) within the scaffold. Finally, the effects of
pore morphology should be examined through the preparation of templated carbon
materials that possess hexagonally ordered pore structures (Jun et al. 2000). While the
average pore dimensions in these materials are similar to those of CA scaffolds, the
arrangement of the pores, as ordered one-dimensional channels, is quite different from
the disordered and tortuous mesoporous networks of traditional CAs. Therefore,
comparison of the ordered porous carbons to the CAs as scaffolds may provide additional
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information regarding the extent to which pore connectivity influences hydrogen
desorption.

Increasing the functionality of the scaffold should be done through the incorporation of
destabilizing agents or catalysts into the scaffold framework. Similar to dispersing
graphitic structures, such as CNTSs, into the scaffold to act as dehydrogenation catalysts
for complex hydrides, LLNL can homogeneously coat the inner surfaces of CA scaffold
structures with potential destabilizing agents. For example, LLNL developed a solution-
based method that allows coating of the ligaments of carbon scaffolds with a uniform
layer of TiO, without sacrificing a significant portion of the free pore volume in
thescaffold (Worsley et al. 2009b). Recent work has shown that TiO, can serve as a
destabilizing agent for LiBH,, with the formation of LiTiO; as the destabilized
intermediate (Yu, Grant, and Walker 2008). This approach should be optimized to control
the coating thickness so that the correct stoichiometry of LiBH, to TiO, exists in the
composite structure.

Methods for controlling the surface chemistry of CAs need to be developed to improve
the wetting behavior of other destabilizing entities, such as Mg, in these materials. As
described earlier, one of the main goals in this effort is to design a scaffold structure that
can accommodate the mixed LiBH4/MgH; system. Magnesium metal, however, does not
adequately wet the inner surfaces of these porous carbon structures to achieve the
necessary loading levels for the mixed hydride system. In addition, a portion of the
magnesium that does wet the CA is readily oxidized to MgO through reaction with
surface oxygen groups. One approach developed in the MHCOE to increase the amount of
Mg metal incorporated into CA scaffolds involves the deposition of metallic wetting
layers (i.e., Ni or Cu) onto the surfaces of the scaffold (Gross et al. 2009). Alternatively,
the decomposition of organomagnesium compounds within the pores of the scaffold has
also been used for the incorporation of Mg into CAs (Zhang et al. 2009). Although both
strategies have shown some promise for Mg incorporation, neither approach has afforded
sufficiently high Mg loading levels in the scaffold. Therefore, LLNL needs to investigate
methods for preparing scaffolds with surface coatings that are both inert and have
improved wetting characteristics of the scaffold for magnesium metal. One route that
could be investigated is the use of metal carbide or carbonitride coatings on the scaffold
surfaces (Worsley et al. 2009c¢). Titanium carbide surfaces have been shown to exhibit
better wetting compatibility with Mg than pure carbon surfaces (Levi, Bamberger, and
Kaplan 1999). These coatings can be formed in scaffold structures through the heating of
the TiO,-coated CAs to 1400°C und