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Overview'
 

•	 For)the)past)5)years)the)HSECoE)has)been)developing) 
hydrogen)storage)systems)based)on)adsorbent,)metal) 
hydride,)and)chemical)hydride)media) 

•	 As)we)near)the)Center’s)conclusion,)we)seek)to)translate) 
insight)gained)from)the)Center)to)the)materials)development) 
community) 

•	 This)presentaLon)summarizes:) 
1. Lessons)learned)in)the)development)of)a)MOF959based)storage)system) 

2. Materials)properLes)needed)to)achieve)DOE)targets)
 
)(Adsorbent)Acceptability)Envelope))
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Why Perform Materials Development and
System Engineering in Parallel?

ater a erma 2 torage e e e c Wheels
Management BoP

Engineered Heat Transfer BoP What is Needed
Materials Designs Component of the Hydrogen Storage
Properties Requirements Media & System

continuous feedback with system design
through the integrated model

identifying materials requirements

Approach

Engineering around an imperfect material can guide
 
development of an optimal material
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M i ls → Th l → H S → Fu l C ll → V hi le → 
Materials' Thermal) 

Subsystems) 
Balance)of)Plant)) 
Components) 

Fuel)Cell) Vehicle) 

Feedback)to)materials)requirements) 



 

 
 
 
 

 

HSECoE'Goals'–'Adsorbent'System'
 

•	 Model,)design,)and)construct)an)adsorbent9based) 
hydrogen)storage)system)that)has)the)potenLal)to) 
meet)DOE)2017)targets.)) 

•	 Reveal)design)tradeoffs,)e.g.:) 
–	 Gravimetric)vs.)volumetric)density) 
–	 Capacity)&)cost)vs.)fill)Lme) 
–	 Pros/cons)of)various)HX)designs) 

•	 Guide)materials)development)by)idenLfying) 
materials)properLes)that)most)strongly)impact) 
system)performance.) 
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HSECoE'Highlights'
 

5)
 



            
          

           
              

         
          

           
         

! 4!

!
!

Figure S4. Theoretical total (adsorbed + gas phase H2 at 77 K and 35 bar) volumetric and 
gravimetric density of stored H2 in ∼4000 MOFs mined from the CSD. Gravimetric density is

expressed in terms of weight % hydrogen: g H2/(g H2+g MOF) x 100. The data account only for
the mass and volume of the MOF media; mass and volume contributions from the system are
neglected. For comparison, the region bounded by the dashed lines represents the DOE 2017 
targets for H2 storage systems. Crossed circles represent common MOFs with incomplete or

disordered crystal data in the CSD; structures for these compounds were constructed by hand.
Additional data for the top- performing MOFs is given in Table 1.

!

MOF?5'Selected'as'Baseline'Adsorbent'
 
Good)combinaLon)of)volumetric)and)gravimetric)density;)
 

Available)in)large)quanLLes)(BASF))
 

! 

HSECoE)is)here) 
(MOF95)) 

77)K,)P)=)35)bar) 
Materials)basis) 
Single)crystal) 

6) 
Goldsmith,)Wong9Foy,)Cafarella,)and)Siegel,"Chem."Mater.,)25,)3373)(2013)) 



System'Performance'Metric'
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The)Center)developed)a)mulLvariable)approach)to)measure)design)tradeoffs.))

This)model)was)used)to)rank)various)system)concepts.)
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Volumetric'Density'Change'from'2017'Target'

y)=)0.0274x)9)0.0015)
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Gravimetric'Density'Change'from'2017'Target'

o  System Score = Gravimetric Score + Cost Score + Volumetric Score 

o  Gravimetric Score 
= SGD% (IFE x CGFE + IDR x CGDR + IVA x CGVA + IVC x CGVC) 

o  Cost Score 
= SC% x IVC x CCVC 

o  Volumetric Score 
= SVD% x IVDR x CVDR 

*"this"correla-on"value"is"a"placeholder"and"needs"to"be"confirmed"with"further"analysis"

SGD% = % gravimetric density system target from 2017 target 
SC% = % system cost target from 2017 target 

SVD% = % volumetric density system target from 2017 target 

IFE 11.3 = importance rating for fuel economy (vehicle level) 
IDR  5.5 = importance rating for driving range (vehicle level) 
IVA 3.4 = importance rating for vehicle acceleration (vehicle level) 
IVC 19.2 = importance rating for vehicle cost (vehicle level) 

CGFE  0.03 = correlation % change in gravimetric density for fuel economy (% system to % vehicle) 
CGDR 0.03 = correlation % change in gravimetric density for driving range (% system to % vehicle) 
CGVA  0.04 = correlation % change in gravimetric density for vehicle acceleration (% system to % vehicle) 
CGVC 0.1 = correlation % change in gravimetric density for vehicle cost (% system to % vehicle)* 
CCVC 0.15 = correlation % change in cost for vehicle cost (% system to % vehicle) 
CVDR 1 = correlation % change in volumetric density for driving range (% system to % vehicle) 

7"
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Rapid'System'Design'Tool'
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Narrowed)space)of)possible)designs)to)4)“systems)of)interest.”)

7 

Final 4 Systems: 
  Three flow-through cooling with resistance HX options: 

1.  HexCell with powder MOF-5 
2.  HexCell with 0.32 g/cc compacted MOF-5 pellets 
3.  Helical coil with powder MOF-5 

  One isolated-LN2 cooling with isolated-H2 heating option: 
4.  MATI with 0.32 g/cc compacted MOF-5 pucks 

Approach – From over ½ Billion combinations… down to 4 Systems 
Over ½ Billion Possible System Combinations: 
  Internal heat exchangers (all options) (x45) 
  Tank types  (x6) 
  L-to-D ratios  (x3) 
  LN2 inner wall chiller  (x2) 
  Hemispherical vs. oblate endcaps  (x2) 
  Pressure vessel only vs. full design  (x2) 
  Material types (with volume-% changes)  (x87) 
  Media packing density  (x10) 
  Full tank pressure  (x12) 
  Full tank temperature  (x7) 
  Empty tank temperature  (x4) 

62 Million Reasonable Systems Combinations: 
  Internal heat exchangers (all options) (x31) 
  Tank types  (x2) 
  L-to-D ratios  (x3) 
  LN2 inner wall chiller  (x2) 
  Hemispherical vs. oblate endcaps  (x2) 
  Pressure vessel only vs. full design  (x1) 
  Material types (with volume-% changes)  (x29) 
  Media packing density  (x5) 
  Full tank pressure  (x12) 
  Full tank temperature  (x6) 
  Empty tank temperature  (x8) 

Eliminate unrealizable 
system options and 

combinations of options 

Perform a 
parametric 

study 

Option #1 Option #2 Option #3 … Option N 

1 1 1 … 1 

2 1 1 … 1 

… … … … …

N1 1 1 … 1 

1 2 1 … 1 

2 2 1 … 1 

… … … … …

N1 N2 N3 … NN 

Filter the 
Results 

David)Tamburello,)SRNL)



System'Prototypes'
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Barriers A and E - MATI with H2 and LN2 
Flows 

H2 

LN2 out LN2 in 

LN2 flow in tubes 

Annular region  for H2 flow 

13                                                                                                                                                                                                                                                                                                                                                                                                                                    

Accomplishments: 3D Model Geometry for Hex-Cell 
Storage Vessel � Geometry is in place 

o Replicates vessel and internals 
� Model uses experimental BC’s 
� Coupled to equations 
� Will validate against data 

� 2L tank in 3D geometry 
with 90° symmetry 

� Leveraged previous 
experience for the 0.5L 
tank tests 

� Model successfully 
running and 
preliminary tests are 
currently being 
modeled 
 

MATI*'
Densified)media)

Isolated)cooling/heaLng)flow)

Hex?Cell'
Powder)media)

Flow9through)cooling)+)resisLve)heaLng)

Two)system)prototypes)are)being)built)and)tested)in)the)final)phase)of)the)HSECoE)

*Modular)AdsorpLon)Tank)Insert)



DensificaTon'of'Powders'
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21                                                                                                                                                                                                                                                                                                                                                                                                                                    2014 DOE Annual Merit Review Meeting 

MOF-5 formation with pins 
Formed the MOF-5 bed around the pins 
to increase conduction enhancement.  

Two (solid & hollow) aluminum 
pin configurations were formed 
that had .1 cm diameter with 
roughly a 1 cm height (depth 
into the MOF5 bed) with 
spacing of about 1 cm 

Pucks: ø5 cm x 1.5 cm ENG layering +pins 

MATI Puck formation 

Progress: Maximize MOF-5 Material Properties 
Explore approaches to advance thermal conductivity, mass transport, and safety 

Puck formation offers additional enhancements to thermal conductivity 

High repeatability with forming 

14                                                                                                                                                                                                                                                                                                                                                                                                                                    2013 DOE Annual Merit Review Meeting 

FMEA Task: Non-homogenous Bed Failure Mode - Evaluate pellet variation 
� GW0118 – pellets 6x6 mm,1 +/- 0.01% graphite, .377 g/cc with Ĳ =  .012 g/cc 

� GW0117 – pellets 6x6 mm, 5 +/- 0.1% ENG, .391 g/cc with Ĳ =  .013 g/cc 

� Property Characteristics and Variations 
Type Particle  Size (mm) 

 or Pellet Dia. (mm) 
Density [BASF] 

(g/cc) 
 BET SA [B-F] 

(m2/g)  
Pore Volume 
[B-F] (cm3/g) 

Powder ��� conf: < .86 .19 (tap density) 2680-2763 1.27  

Pellets neat ��� conf: 5.9 - 6.0 ��� conf:  .34 - .41 2477-2489 1.18  - 1.21 

Pellets+5%ENG ��� conf: 5.9 - 6.0 ��� conf:  .35 - .43 2387-2702 1.14 - 1.18 

Particle Size Distribution 

Progress: Homogenous Evaluation of MOF-5 

MOF95)powders)can)be)formed)into)pellets)&)pucks)without)binder)

J.)Purewal)et"al.,)J.)Phys.)Chem.)C)2012,)116,)20199−20212)

J.)Purewal,)et"al.,"InternaLonal)Journal)of)Hydrogen)Energy)37,)2723)(2012).))
)



Improved'Volumetric'Density'in'MOF?5'Pellets'
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10                                                                                                                                                                                                                                                                                                                                                                                                                                    2013 DOE Annual Merit Review Meeting 

� Note: All curves currently assume skeletal densities of 2 g/cc and 100% packing efficiency.  

ȡ� �0.3 g/cc ȡ� �0.5 g/cc 

Powder 
5-60 bar & 80 K 

0.3 g/cc + 5% ENG 
5-60 bar & 80 K 

0.3 g/cc + 5% ENG 
5-60 bar & 80-160 K 

0.5 g/cc + 5% ENG 
5-60 bar & 80 K 

0.5 g/cc + 5% ENG 
5-60 bar & 80-160 K 

20 g/l 22 g/l 31 g/l 22 g/l 34 g/l 

Total capacity RI������J�O�DW��-60 bar is theoretically achievable with 80-160 K  

����SDFNLQJ�efficiency:     20 g/l                                  26 g/l                                 21 g/l                                  27 g/l 

Milestone Task: Density RI�������J�FF�ZLWK�total capacity �����J�O�DW��-���EDU�DQG���-����. 

Progress: MOF-5 Volumetric Density Results Monoliths)have)>)50%)improvement)in)volumetric)hydrogen)density.)

PracLcal)upper)limit)to)density)=)~0.5)g/cc)(plasLc)deformaLon))

J.)Purewal)et"al.,)J.)Phys.)Chem.)C)2012,)116,)20199−20212)

J.)Purewal,)et"al.,"InternaLonal)Journal)of)Hydrogen)Energy)37,)2723)(2012).))
)



Stability:'Robustness'to'Air?Exposure'

12)

Exposure)tests)show)that)MOF95)undergoes)limited)capacity)degradaLon)in)

humid)environments)for)exposure)Lmes)up)to)2)hours)

RelaLve)humidity)=)45)%)

Powder,)ρ)=)0.13)g/cm
3)

Pellets,)ρ)=)0.37)g/cm
3)



Thermal'ConducTvity'
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!

Heat 

flow 

Pressing 

direction 

Pressing 

direction 

Top

Bottom

Layering)increases))

conducLvity)20x)

ReorientaLon)and)layering)of)ENG)addiLons)can)dramaLcally)improve)the)

low)conducLvity)of)MOF95)

ReorientaLon)of)ENG)parLcles)

 
!

10!

 Sample # from Figure. 4  
(a) (b) (c) 

Average angle of ENG with 
respect to pressing direction 

66.3⁰ 69.9⁰ 70.8⁰ 

Standard deviation 18.6⁰ 17.7⁰ 18.8⁰ 
 
Table 1. Average orientation of the ENG particles in MOF-5/ENG composites with respect to the pressing 
direction. The solid black segment represents the average orientation of ENG in the pellet. Black arrows and 
the dashed line represent the pressing direction. 

(a) (b) 
(c) 

As shown in Figure 3, ENG particles tend to adhere to the surface of MOF-5 particles. 
Upon densification into pellets this surface adhesion results in the ENG populating the 
boundaries between MOF-5 particles. Consequently, the color differences between MOF-5 
(white) and ENG (black), combined with this “interface decoration” effect, can be used to 
demark the boundaries between MOF-5 particles. As shown in Figure 5 (top) the boundaries 
also display an anisotropic texture as a result of uni-axial compression.  

 
 

 
 
 

 
 
 
     
 

 
 
 
 
 
3.1.2  Thermal conductivity 

To assess the possibility for anisotropic transport, thermal conductivity measurements 
were performed on pellets synthesized using different compression directions, as previously 
described. Figure 6 shows near-ambient temperature thermal conductivity data for 
MOF-5/ENG pellets having different mass fractions of ENG and orientations of the pressing 
direction with respect to the direction of heat flow. The data show that the thermal 
conductivity of the pellet increases in proportion to the ENG weight percent, consistent with 
our prior findings [13]. For example, at 30 °C!the thermal conductivities of pellets containing 
0%, 5% and 10% ENG are 0.08, 0.38, and 0.99 W/m�K, respectively, for pellets in which 
the ENG is aligned parallel to the heat flow direction. A similar trend holds for the other 
ENG orientation and at other temperatures. As expected, the highest conductivity (0.99 
W/m�K) is found for pellets containing the highest concentration of ENG (10 wt.%), in 
which the ENG is oriented parallel to the heat flow direction. Conversely, neat MOF-5 pellets 

Y.)Ming,"et"al.,"InternaLonal)Journal)of)Heat)and)Mass)Transfer,)82,)250)(2015).)
D.)Liu,)InternaLonal)Journal)of)Hydrogen)Energy)37,)6109)(2012).)

))

4x)



Scale?up'of'MOF?5'
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HSTT Meeting – March 19, 2014 11

Phase 3 Initial Progress
Milestone Task: Conduct a scale-up of the MOF-5 manufacturing process to deliver  > 9 kg of 
material while maintaining performance, as measured by surface area and particle size, to within 
10% of lab-scale procedure.

Arrived at Ford on August 8th

Hex/Cell Powder System(s)
! 0.19 g/cc to 0.25 g/cc
! 2000 cc x 1.5 = .75 kg
! Possibly 2 systems
! Possibly 3x size

≈ 4.5 kg

MATI System(s)
! 0.3 g/cc to 0.4 g/cc
! ø12 cm x 1.5 cm = 170 cc
! 10 pucks per system x 1.5
! Possibly 3 systems

≈ 3 kg

MOF95)manufacturing)process)has)delivered)~9.3)kg)of)material.))

Performance)confirmed)to)be)within)10%)of)lab9scale)material)

HSTT Meeting – March 19, 2014 16

Phase 3 Initial Progress
Milestone Task: Conduct a scale-up of the MOF-5 manufacturing process to deliver  > 9 kg 

HSTT Meeting – March 19, 2014 10

Milestone Task: Conduct a scale-up of the MOF-5 manufacturing process to deliver  > 9 kg of 
material while maintaining performance, as measured by surface area and particle size, to within 
10% of lab-scale procedure.

Batch 
Code

Reactor 
Size [L]

Amount 
[kg]

BET
[m2/g]

LSA
[m2/g]

Zn
[wt%]

C
[wt%]

Crystal 
size*
[µµµµm]

Particle 
size** 
[mm]mm]mm]mm]

GP0372 200 3.1 2937 3838 32 37 0.2-2.0

GP0374 200 3.5 2870 3794 34 37 0.2-2.0

GP0375 200 3.2 2955 3896 34 37 0.2-2.0

GP0378 Mix 9.3 2937 3877 30 37 0.2-2.6 0.1-1.3

GP0326 60 1 2905 3891 34 37 0.2-3.0 0.1-1.4

1% .4% 7%

Reference

GW0116 7 .14 2680 3547 0.2-2.0

Scale-Up Difference:

Phase 3 Initial Progress



System'Design'Improvements'
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5                                                                                                                                                                                                                                                                                                                                                                                                                                    

Accomplishments: Performance With Respect to DOE Targets 
End of Phase 1 

End of Phase 2 MATI System End of Phase 2 Hex-Cell System 

The)center)has)idenLfied)lower)cost)designs,)but)limitaLons)in)capacity)and)

loss)of)usable)hydrogen)remain)

Phase'1'system:)AX921)powder,)Type'3'CF'tank,'200'bar,)80)K)
)

)

Hex?Cell'System' MATI'System'

Lower)pressure)!))lower)cost,)

heavier)tank)!)comparable)capacity!)

Final'system:)MOF95,)Type'1'Al'tank,'100'bar,)80K)

5                                                                                                                                                                                                                                                                                                                                                                                                                                    

Accomplishments: Performance With Respect to DOE Targets 
End of Phase 1 

End of Phase 2 MATI System End of Phase 2 Hex-Cell System 
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Part)2:)

Adsorbent'Acceptability'Envelope'



Adsorbent'Acceptability'Envelope'

17)

Leverages)knowledge)gained)by)HSECoE)in)modeling,)characterizaLon,)and)

construcLon)of)adsorbent)system)

8                                                                                                                                                                                                                                                                                                                                                                                                                                    

Adsorbent Acceptability Envelope 

Flow-Through  
Cooling Module 

Isotherms 
which give 

adsorption enthalpy 
Isotherm  

parameters  

Thermal 
conductivity kAds Technical 

targets 
-!Hoverall 

Storage system 
constraints and 
operating conditions 

Ltank, Dtank, Lcell or rcell,   
Pin, Tin, !!"#$%&#, !!"#
$'()#, !*+# 

Bulk density !Ads 

Conduction Heat Transfer 
Module  

For Heat Removal or Addition 

Specific heat Cp
 
Ads 

Real gas 
properties Z, h, k 



Overview'

Goal:'IdenTfy'coupled'adsorbent'and'storage'vessel'
properTes'that'can'meet'700'bar'and'DOE'targets'

•  Accomplished)by:)

–  Use)of)isotherms)that)yield)necessary)amount)of)usable)
hydrogen)(not)just)total)))

•  Depends)on)final)(empty))and)iniLal)(full))states)

•  Determined)through)numerical)variaLon)of)isotherm)parameters)

•  Can)also)determine)parameters)that)opTmize)usable)hydrogen)
•  Isotherms)also)determine)enthalpy)of)adsorpLon)

–  Requires)knowledge)of)bulk,)crystal,)and)skeletal)densiLes))
•  OR)bulk)density,)inter9parLcle)porosity,)and)intra9parLcle)porosity)

18)



DefiniTon:'Usable'Hydrogen'
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UNILAN'Isotherm'
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Page 2 of 8 
 

On a system basis the Ultimate DOE Technical Targets are 

!!"#!!"!#$% = 0.075 !"_!2 !"_!"!#$%!!

and!!

!!"#!!"!#$% = 0.070 !"_!2 !_!"!#$%.!!!

For the flow-through cooling system, with a Type 1 aluminum vessel, a liquid nitrogen jacket, with the 
heat exchanger inside the vessel accounting for 20% of the mass, a vessel length/diameter ratio of 5, and 1 
inch of multi-layer vacuum insulation; the ultimate targets, on an adsorbent basis are 

!!"#!!"#$%&'() = 0.201 !"_!2 !"_!"#$%&'()!!

and!!

!!"#!!"#$%&'() = 0.089 !"_!2 !_!"#$%&'().!!!

 

Substitution of these values into Equation 4 gives the adsorbent bulk density as 

!!"# = !.!"#!"!! !!"#
!.!"#!"!! !"!"# !!

!"""!!"#

= 442.79 !"_!"#$%&'() !! !! 5!

The adsorbent bulk density given in Equation 5 is the density required for both the gravimetric and 
volumetric ultimate targets to be met and is an artifact of the definition of gravimetric and volumetric 
capacity.  

Isotherm Parameters 
The fundamental performance of an adsorbent is determined by its isotherms.  Not only do the isotherms 
give absolute and usable gas storage capacity, they also determine the required amount of heat transfer by 
way of the excess internal energy1.  Isotherms are well described by the UNILAN model, which expresses 
the absolute hydrogen adsorption as a function of temperature, pressure and other parameters. The 
absolute adsorption from the UNILAN isotherm model is:  

!! = !!"#!"
!!"#!!!"#

!"
!"# !∆!!/! ! !

!!
!"# !!"# !"

!"# !∆!!/! ! !
!!
!"# !!"# !"

!! 6a!

By definition, the excess adsorption is 

!!" ≡ !! − !!! = !!"#!"
!!"#!!!"#

!"
!"# !∆!!/! ! !

!!
!"! !!"# !"

!"# !∆!!/! ! !
!!
!"# !!"# !"

− !!!!! 6b!

where: !!"# and !!"# =  The maximum and minimum values of −∆!! ( ∆!!  is the isosteric 
heat) [J/mol]. −∆!! is uniformly distributed between!!!"# and!!!"#.  

 

 !! = Absolute adsorption [mol/ kg_adsorbent] 

                                                        
1 AL Myers, PA Monson.  “Adsorption in Porous Materials at High Pressure: Theory and Experiment, “ Langmuir, 
2002 18(26) pp10261-10273. 
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where a = exp(−ΔS/R). The function increases monotonically
versus p and meets the required properties na(0) = 0 and na(∞)
= nmax. It reduces to Henry’s law (na = khp) in the low pressure
limit. An implicit assumption is that the adsorption entropy is
constant for all sorption sites. To calculate the excess
adsorption, the standard expression nex = na − ρgva is used.
As fitted to excess adsorption data, therefore, the Unilan model
contains five temperature-independent parameters: {ΔS, Emax,
Emin, nmax, va}.
A fit of the Unilan model to the reference powder MOF-5

isotherms at all temperatures is displayed in Figure 3, with
additional results available in Figure S3. Whether fitted to a
subset of temperatures, or to all temperatures, the quality of the
Unilan model fits are superior to those of eqs 4 and 5.
Furthermore, the parameters all have physically reasonable
values. The entropy difference (−7.8R) is very close to the −8R
value that is typical for H2 adsorption in many adsorbents.49

The values of Emax (4.63 kJ/mol) and Emin (2.14 kJ/mol) are
consistent with the reported experimental values of the isosteric
heat (which decreases from 4.8 kJ/mol at 0 to 3.3 kJ/mol at 8
wt % excess). The estimated adsorbate volume va varies
between 1.2 and 1.4 g/cm3 depending on the fit criteria, a value
which is slightly larger than the measured MOF-5 open-pore
volume of 1.2 g/cm3. Unlike the modified D−A models, the
Unilan model accurately predicts hydrogen adsorption near
room temperature (Figure 3b), with no negative values. Using
only five temperature-independent parameters, each having a
clear physical interpretation (e.g., no pseudosaturation
pressure), the Unilan model provides an accurate and
straightforward description of supercritical hydrogen adsorption
across a wide temperature range. (Presumably, the fits could be
improved even further by allowing either ΔS or ΔH to vary
with temperature, but this appears unnecessary.) Furthermore,
parameters determined from fits only to the 77, 200, and 300 K
temperatures still provide accurate estimates for intermediate
temperatures between those limits (see Figure S3).

Tóth Model. We also investigated fits of the reference
powder MOF-5 isotherms to a frequently used empirical
model, the Tot́h equation, which was originally proposed for
monolayer adsorption.50 This equation has been previously
found to provide good fits to hydrogen adsorption in molecular
sieve carbon, zeolite NaX, Cu-BTC, and Trip(Me)-PIM at a
temperature range of 77−137 K and pressure range of 0−15
bar,42 as well as in the Cu2(tptc) framework material over 50−
100 K.51 Fits of the Tot́h equation to the reference MOF-5 data
from ref 7 are available in Figure S4. The Tot́h equation does
not fit the 30−300 K isotherms as effectively as the Unilan
model. The advantage of the Unilan model over the Tot́h
model may be due to its uniform energy distribution between
Emin and Emax. Nonetheless, the Tot́h equation still provides a
significant improvement over the modified D−A equations (eqs
4 and 5−6) in terms of the quality of fits across 30−300 K, and
the small number (five) of temperature-invariant parameters.
In concluding this section we note that based on the

parameters in Figure 3, the maximum adsorbate density (nmax/
va = 77 g/L) exceeds the density of liquid H2 at the boiling
point (70.8 g/L). This is based on a strict physical
interpretation of v_a as the true adsorbate volume, and occurs
for all the models tested here. In comparison, at the triple point
(13.8 K, 0.07 bar) the density of liquid hydrogen is 77 g/L
while the density of solid hydrogen is 86.5 g/L. Further, for
supercritical adsorption the maximum density corresponds to a
point where the adsorbate phase is incompressible, which may
be between the liquid and solid hydrogen densities.

■ RESULTS
Hydrogen Storage at 77 K. Having shown that the Unilan

model yields good agreement with the benchmark hydrogen
adsorption data from ref 7, we now apply it to model uptake in
composite materials based on mixtures of ENG and MOF-5. As
described above, these materials are of interest for improving
the thermal conductivity of MOF-5-based hydrogen storage
systems. First, hydrogen adsorption isotherms at 77 K were
measured for a complete set of ENG/MOF-5 composites (0−
10% ENG) for several densities. The measured samples were

• powder MOF-5 (ρbulk: 0.13 g/cm3)
• 0% ENG (ρenv: 0.31, 0.41, 0.52, 0.60, 0.79 g/cm3)
• 1% ENG (ρenv: 0.49 g/cm3)
• 5% ENG (ρenv: 0.32, 0.47, 0.65 g/cm3)
• 10% ENG (ρenv: 0.32, 0.48, 0.72 g/cm3)

Figure 3. Fits of the Unilan equation (eq 10) to the experimental MOF-5 isotherm data points from ref 7. (a) Model fitted to all temperatures. (b)
Same fits, zoomed in to the excess adsorption range of 0−5 mol/kg.
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Procedure'
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These different volumes as we have defined them here and the related densities are 
represented schematically  in Figure 84. 
 

 

 
 

Figure 84. Volume and Density Definitions: Illustration of volume and density 
definitions relevant to hydrogen storage capacities at a materials and systems 
level.  

 
 
 

1.4.2   Material Gibbs Surface Excess Adsorption Capacity  

The “Gibbs surface excess capacity” is the term for adsorption amount, since it is the 
quantity which is directly measured during a volumetric adsorption experiment. This is 
the additional amount of adsorbate which is present on the adsorbent surface over and 
above the density of the free gas phase. Note that although “excess” capacity is a term 
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Figure S4. Theoretical total (adsorbed + gas phase H2 at 77 K and 35 bar) volumetric and 

gravimetric density of stored H2 in ∼4000 MOFs mined from the CSD.  Gravimetric density is 
expressed in terms of weight % hydrogen: g H2/(g H2+g MOF) x 100. The data account only for 

the mass and volume of the MOF media; mass and volume contributions from the system are 
neglected. For comparison, the region bounded by the dashed lines represents the DOE 2017 
targets for H2 storage systems. Crossed circles represent common MOFs with incomplete or 

disordered crystal data in the CSD; structures for these compounds were constructed by hand. 
Additional data for the top- performing MOFs is given in Table 1. 
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8−12 wt %, and then decreases for gravimetric densities greater
than ∼12 wt %. The decrease in volumetric density at high
gravimetric densities is consistent with the density/surface area
trade-off suggested in Figure 5, and is similar to what was
predicted for CH4 uptake in MOFs as a function of surface
area.15 We conclude that MOFs having extreme surface areas
greater than ∼5500 m2/g cannot meet the DOE volumetric

target (assuming the storage system will have a nonzero
volume). Instead, the most promising compounds occur at
lower surface areas of 3100−4800 m2/g (Table 1), resulting in
both high gravimetric values of 8−12 wt % and volumetric
densities of 50−64 g/L. This suggests that development of new
MOFs should not exclusively target high surface areas, but

Table 1. continued

CSD identifier, common
name, and reference

density
(g/cm3)

S.A. calcd/expt
(m2/g)

porosity
(cm3/g)

calcd total grav. density
(g H2/g MOF)

calcd total vol.
density (g H2/L)

notes regarding prior experimental
measurements, if available

High-Performing Compounds for Which H2 Uptake Has Been Measured
PCN-20 (LUKLIN)68 0.49 4185/3525 1.58 10.6 52.4 6 wt % (77 K, 35 bar)
UMCM-869 0.51 4131/4030 1.55 10.5 53.5 1.23 wt % (77 K, 1 bar)
PCN-664 0.54 4078/4000 1.49 10.3 55.3 1.79; 6.65 wt % (77 K, 1; 45 bar), 0.78

wt % (298 K, 90 bar)
JEJWEB70 0.54 4104/2095 1.39 10.2 55.6 0.8 wt % (77 K, 1 bar)
GAHWIX71 0.60 3878 1.61 10.0 60.3 pores collapse; no gas uptake
SNU-6 (ROGMEG)72 0.54 3912/2590 1.38 9.8 52.7 1.68; 10 wt % (77 K, 1; 70 bar)
SNU-6 (HOHMIB)72 0.54 3790/2910L 1.51 9.7 52.2 1.68; 10.0 wt % (77 K, 1 atm, 70 bar)
UMCM-152 (ANUGIA)73 0.57 3726 1.34 9.4 53.2 5.7 wt % max excess (77 K)
SUKYIH67 0.63 3809/1560 1.14 9.3 58.7 1.42 wt % (77 K, 1 bar)
MOF-505 (RUVKAV)74 0.60 3644/3110L 1.27 9.1 54.8 4.60;4.82 wt %; 41;43 g/L

(77 K, 17; 38 bar)
PCN-64 0.58 3592/3800 1.26 9.0 52.4 1.9 excess wt% (77K, 1 bar)
MOF-5 (SAHYOQ01−05)4 0.590 3656/3800 1.31 8.9 54.1 7.1 wt % (77 K, 40 bar)
MOF-5 Inter
(HIFTOG01)4

0.63 3434/1130L 1.23 8.6 54.0 2.0 wt %; 23.3 g/L (77 K, 1 bar)

UMCM-154 (ANUGUM)73 0.68 3452 1.02 8.4 57.3 5.8 wt % max excess (77 K)
MFU-4L (UPOZAB)75 0.56 3184/2750 1.41 8.3 46.5 4 wt % excess (77 K, 20 bar)
NJU-Bai2 (OLOGEC)76 0.59 3299/549 1.19 8.3 49.4 1.9 wt % (77 K, 20 bar)
PCN-46 (LUYHAP)77 0.66 3351/2500 1.08 8.3 54.9 7.2 wt % (77 K, 60 bar)
SNU-15 (COZMUA)78 0.64 3315/356 1.09 8.2 52.4 0.74 wt % (77 K, 1 bar)
IRMOF-94 0.66 3326/1904 1.06 8.2 53.9 1.17 excess wt % (77 K, 1 bar)
UMCM-150 (OKABAE)79 0.65 3126/2980 1.16 7.9 51.3 2.2; 5.0 wt % (77 K, 1; 30 bar)
FUNBEW80 0.67 3179 1.05 7.9 52.8 1.6 wt % (77 K, 20 bar)
NOTT-140 (EPISOM)81 0.68 3132/2620 1.05 7.8 52.7 6 wt % (77 K, 20 bar)
HKUST-15 0.89 2100/1944 0.78 4.5 39.9 3.3 excess wt %; 29 g/L (77 K, 77 bar)
UiO-6682 1.24 936 0.42 2.4 30.3 2.4 wt % (77 K, 31 bar)
aData are sorted by gravimetric density, and assembled into two groups: (1) compounds for which no H2 measurements have been reported (top
portion of table), and (2) compounds whose H2 uptake has been previously assessed (bottom of table). Data includes common names, CSD index
codes, density, surface area (S.A.), porosity, calculated total weight percent (wt %, g of H2 per g of MOF), and calculated total volumetric capacity
(vol. cap.) at 77 K and 35 bar. When possible, calculated surface areas are compared to experimental (exp.) data. BET surface areas are reported
unless otherwise noted (“L” is used to identify Langmuir values). For experiments we use the highest reported surface area. When available,
experimental uptake data and the conditions at which those measurements were taken, are reported in the far right column. Unless otherwise
indicated, experimental data refer to total uptake.

Figure 7. Crystal structures, CSD identifiers, and MOF names (if known) for four of the top performing MOFs identified by screening.
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Concluding'Remarks'(1)'
•  The)Adsorbent)Acceptability)Envelope)has)been)developed)to)

assess)viability)of)hypotheLcal)hydrogen)adsorbents)

–  QuanLfies)the)amount)of)usable)hydrogen)stored)

–  Formulated)in)terms)of)isotherm)parameters)and)materials)density)

–  Applied)to)a)powder9based,)flow9through)system)designed)by)HSECoE)

–  Cryogenic)and)ambient)operaLng)condiLons)explored)

–  Extensions:)AddiLonal)analysis)of)ambient9T)and)densified)systems)

•  An)advanced)adsorbent)may)be)able)to)surpass)the)

performance)of)700)bar)compressed)systems)

–  Such)a)system)could)be)a}racLve)from)an)efficiency)(low9P,)100)bar))and)cost)

standpoint)(metal)tank))even)though)it)would)not)meet)DOE)targets)

•  Achieving)the)DOE)2017)or)UlLmate)targets)remains)a)

daunLng)challenge)

)

30)



Concluding'Remarks'(2)'
•  Trade9off)between)volumetric)and)gravimetric)density)

–  DensificaLon)of)powders)can)be)helpful,)but)should)be)balanced)with)losses)is)

gravimetric)density)and)plasLc)deformaLon)(pore)collapse)))

–  Achieving)high)surface)area)alone)is)insufficient)

–  Materials)research)should)focus)on)adsorbents)that)circumvent)this)tradeoff;)high)

gravimetric)and)volumetric)densiLes)must)be)achieved)simultaneously"

•  Adsorbent)stability)is)important,)but)should)be)assessed)

based)on)likely/moderate)failure)modes:)

–  E.g.:)Withstand)limited)exposure)to)humid)environments)during)assembly)

•  Low)thermal)conducLvity)of)adsorbents)can)be)overcome)

with)engineering)approaches)
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