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JCAP MiIssSION

]CAP IS DEVELOPING SCIENTIFIC FOUNDATION FOR CONVERSION
OF CO, TO HYDROCARBON FUELS USING SOLAR ENERGY

CO, AIR CAPTURE AND
RECYCLING

ROUTE TO DROP-IN
HYDROCARBON
TRANSPORTATION FUEL

+ 120,000 terawatts

small fraction of solar
energy the Earth receives
from the Sun

The world uses only a >>>>>>>> o - ' —_—

SOLAR-DRIVEN CO,
REDUCTION

\TALYST  TARGET REDUCTION PRODUCTS

SOLAR ENERGY e ALKANES
C ALKENES
e PRIMARY ALCOHOLS

JCAP
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JCAP’S FIRST PHASE: SOLAR FUELS FOR WATER-SPLITTING

“EERRERER

Discovery.

Photoelectrode materials High throughput IMlembrane separators
and corrosion protection experimentation

Measurement
and mechanisms

in situ and operando Catalytic structures and
studies mechanisms

photoanode

Integration and | —
9 £
demonstration \ ‘

. = -
Demonstrations of

robust >10% efficient
Multiphysics modeling Prototype designs water splitting

JCAP
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JCAP: SOLAR FUELS GENERATORS §
4 ) : ) B
Hydrogen evolution reaction (HER) (COZ reduction reaction (CO,RR) \ g
@)
1 —
- 2H*+2e —» H,(g) ) CO,+H,0 —> HCOOH + %0, R
CO,+H,0 —> HCHO+O0, n
[ Oxygen evolution reaction (OER) h
CO, + 2H,0 —* CH,0H +3/2 0,
| H,0 —> %20, (g) +2H" + 2e" | \co2 +2H,0 —> CH, +20, )

~

\@ hvﬂ\7

/\Lz n-type p-type
photoanode - photocathode :
8 : - . ' i illumination
0 (H+ — 5 : : : : '
Ecp < E'O (H*/H,) + Mygq | __ o> _ e eIectroI;/,te inlet b v b * electrolyte outlet
Mher oV Eo (H+/H2) electrolyte nel he anode gas outlet

cathode gas outlet

..........

+1.23V, £ (H,0/0,)

1“05!&

Evg > E”° (H,0/0,) + Mogq

OER catalyst

top cell
bottom cell

HER catalyst

P4 N
~ 7

Distance
/@ HER = Hydrogen-Evolution Reaction 1 =Kinetic overpotential

OER = Oxygen-Evolution Reaction - = space-charge region J ‘ A P
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Potential (E) vs Normal Hydrogen Electrode (NHE), in Volts
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JCAP’S FIRST PHASE: SOLAR FUELS FOR WATER-SPLITTING

Oxide-Protected
Photoanode Device:

A >10% efficient, stable, unassisted solar-driven water-splitting in a
monolithic photoelectrochemical system integrating

—
Q)
>
O
o
)
2
m
(@)
—|

* protected tandem junction photoabsorbers,
* earth-abundant electrocatalysts, and
anion exchange membranes.

Product Collection Port Anion Exch Memb . .
roauc ollecrion roris H2 nion £xcnange emoprane CXXlang and Erlk Verlage assemblea

monolithically integrated llI-V device,
protected by a TiO, stabilization layer, which
performs unassisted solar water splitting
with hydrogen fuel and oxygen

Catalytic Grid

| i Photocathode Device:
iqui
Electrolyte

Oxygen Evolution Catalyst: NiOx InGaP/GaAs/Ge

Protection Layer: TiO,

K Tandem Top Cell: InGaP
Light Abso/bel{ Bottom Cell: GaAs Liquid
Hydrogen Evolution Catalyst: NiMo Electrolyte

[llumination Protected
Window Photoelectrochemical
Assembly

Ag/Au

© California Institute of Technology (2015). Artwork by Darius Siwek

E. Verlage, S. Hu, R. Liu, R. J. R. Jones, K. Sun, C. Xiang, N.S. Lewis, Harry A. Atwater, Energy Environ. Sci., 2015.
K.A. Walczak, G.Segev, D.M. Larson, J.W. Beeman, F.A. Houle, and |.D. Sharp, Adv. Energy Mater. ,2017.

JCAP
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STATE OF THE ART FOR PEC HYDROGEN GENERATION — 2015

Reported Solar to Hydrogen Conversion Efficiencies

20 1 PV and catalyst configuration

18 2J, integrated PVs and catalysts
2J, integrated PVs, wired catalyst
2J, series connected PVs or catalysts

3J, integrated PVs and catalysts
3J, integrated PVs, wired catalyst
3J, series connected PVs or catalysts

16

14

]
MRE
>15% )

12 PV materials

All -V

|
WREL
11 suns

Fraunhofer ISE
500 suns

l.l Tokm
"

e r mm r o n Emm n mm h Emm s o E EEm s mmm h o h o s e n o n mm _ﬁrauﬂ'l\ofﬂr/

[

partial lll-V

All silicon
partial Si @

Oxides and other Texas A&M

U. Hawaii
natural sunlight ‘

MREL

Reported STH efficiency (%)

>5%

Texas A&M

<

GM
A

L Allied Chem,

Flinders

Texas ARM

O
A

Texas A&M

EINIRICERCHE

] RITE Kyoto

A

U. Hawrail owi 11 58ns _
..I...mnmsnnw.

Sun Catalytin/MIT_.
4

Osaka U,

Lanuucq' nanowires
O

Delft/HZ

membrane I

It/ HZE
Delft/HZB

EPFI. O -

Vgt 4 Sun%atalydn’ﬁ"ll‘l’ o
4

UC Berkeley

1975

Ager, Shaner, Walczak, Sharp, Ardo, Energy and Environmental Science,

1930

PR R
1985

PR TR (NN TR TR W W (T S T W S N T
1990 1995 2000

2015, 8, 2811

2005 2010 'N9542016

Ager, JCAF T3, 1V7115 -2
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PEC HYDROGEN GENERATION PERFORMANCE LIMITS

. o . . . .
VPEC (J) = aVPVl (J) - I/cat,a (]) - I/cat,c (-]) - I/series (-]) 3 Erxn

PV Voltage: 1, (j) :ndk_Bngi.kli Catalyst Voltage: ()= RT sinh'lg,Li
q Jo [} aneF JO,catﬂ
Devi ti int: V i \=F eise . . — jopErxanE
evice operating point:  V,(j,,)=E,,  Water splitting PEC efficiency: hPEC =

in

=3
_|
m
()
=
>
—
m
O
w
@
—
>
o)
L
C
m
[
W
)
m
P
m
=
>
_|
)
)
w
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REALISTIC PERFORMANCE LIMITS FOR PEC HYDROGEN GENERATION

e Absorption of 90% of incident photons above the bandgap of the
semiconductor

* An external radiative efficiency (ERE) of 3% (typical IlI-V)

* Catalytic exchange current densities of 1 mA-cm™2 (HER)and 103 mA-cm-2
(OER); consistent with the best reported values for Pt and IrO,

* Diode ideality factor, n,, of 1.

* The electrochemical potential for water-splitting at standard conditions,
E =1.23V.

rxn

* Unity Faradaic efficiency.

Single Junction: Dual Junction:

=z
_|
m
)
2
>
—
m
O
w
@)
—
>
o)
M
C
m
|y
()
0)
m
P
m
2
>
_|
)
s
wn

15} 1.8}
< 16)
3 8
ot o 14]
0 el
.0 o
2 S
| < o8}
o0
0.6}
0 * - . 0.4 -
1 15 2 2.5 3 1 15 2
Bandgap, Eg (eV) Bandgap, Eg1 (eV)
n=15.1%, E,=2.05eV n=28.3%, E,=1.59, 0.92eV

Fountaine, Lewerenz, Atwater Nature Communications (2016) JCAP
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MATERIALS SELECTION: CATALYST BENCHMARKING :%
1.000 10.00 100.0 1000 10000 =
o L0 >
Factor >
- T T T T T T T u T s
1.2 -HERI T T T T T T T '_ K z NiSn-: ) _ m
B Co-(b) Co/B ColP-(a) Co/P-(b) CoFe Cu / Brete <
> 0.8+ 976CH | Fe(b) FeMn Ni«(b) Ni/B NiCe NiCo-(b) NiCo-(c) ] —
: o \\ NiCr NiCu NiFe-(b) NiFe-(c) NiLa NiMoFgr(b) NiZn >
N 05F 1r 1
1 ) C
o 0.4f _ 1t R“'% Fﬁ‘“’) ] =
g 0.3 NiFe-(b) CQ_..(a)' 1T '_’.--"' 3 7 m
= . M@?M i 1 =z
I 0.2+ _N'CO'(alic-\CbWe 0 4 F : d —
= NI 4 NiMo-(b) ' | >
0.1 F++ =*CoMo 1 T 1 T e
IPt%“NiCoMo IMHSO, | | - ‘ 1MH SO
0.0 L "NiMo-(a) L 1 L2 O
T T T T T T ] T T T T ﬁ T z
1.2 HER 1 FOER Fe-(b) FeM-n Ci_‘_{--"'i’ 3 g
> 08] O A T
= 1 N : >
W - - MorS MEC NiF Rryrsk 'E)b) wn
" 041 il Ru-(b) Core, ol NICO-() ] z
o " 2NiSn-(a) NiFe-( iCr Co/P-(b)
§ ol e M@ TE witiore-(o) MPENIST(2) Co{) 7
g 03 & Femg M I ") NirecoCe-(@) Nico-(0) ]
S 0.2°F iCo-a .O-((ZattJ)NiFe 1L INiFeCoC-(b) i
= 0.1 [ NiFew: OF; e |
il L -8 CoMo 1r .
0ol hwpte e UMNaOHyY o 0, LMNaOH]
‘00 01 02 03 04 05 08 1.2 0.1 02 03 04 05 08 1.2

1V 11V

|nj=10mAcm'2,t=O |nj:10mAcm’2,t:0

JCAP

McCrory et al, JACS 137 (2015) 4347; ibid 135 (2013) 16977 JOINT canTeR ron
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MATERIALS SELECTION: PHOTOELECTRODES

j (Jsc / JSQ)

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

A.Polman, M. Knight, E.C. Garnett, B. Erhler and W.C. Sinke, Science (2016)

carrier management

I I I
y Cae >13% s
. °
- y meS GERSR
- organic perovskite &InP
| Xeczrs e
X% dye / TiO:
— a-Si:H
i ne-Si ]
® [ ]
| | | |
04 05 0.6 0.7 0.8 0.9 1

vxf (FF Vo / FFsqVsq)

light management

1. (mAcm™)

0.40

10N

PhS QD mrgwskiiﬁ
* dya

Mi0:  organic

- ]
a5iH GalnP

o perovskite
*a51H
- - i |
e/ organic
TiO; T

JCAP
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19.3% STH EFFICIENCY INTEGRATED PEC DEVICE

=

_|

m

AlinP GaAs 2
GalnP with E, = 1.78 eV, GalnAs with E, = 1.26 eV >
i

0 O

(T2

i

o BF == pH7 M=18.5%) =
gEJ ~ == pH 7 with membrane (N=14.8%) -
< -10} m
S wn
~ o _ - e )
a5k et o
Iy m

- 2
_20II|IIIIIIIIIlIIIIIIIIIIIIIIIIIII EI
-06 -05 -04 -03 -02 -0.1 0.0 O

Evs. RuO, /V 7

W.H. Cheng, M.H Richter, M.M May, J. Ohlmann, D. Lackner, F.
Dimroth, T. Hannappel, H.A. Atwater, and H.J. Lewerenz, ArXiv 2017 JCAP
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19.3% STH EFFICIENCY INTEGRATED PEC DEVICE

=

-

AllnP GaAs %

100 =

[ e= Tandem o

i , O

80 = TIOZ/ Tandem =

. _ >

© Rh/TlOZ/Tandern gL
[e]

;% 60 E

E 9
(&)

$ 40 E

(4] p o)

" i

20 o

(0]

O | . . I 1 13 0 011 I 1 13 0 0 011 I 1.4 30 0 111 I | . .

400 800 1200 1600
wavelength / nm

W.H. Cheng, M.H Richter, M.M May, J. Ohlmann, D. Lackner, F.
Dimroth, T. Hannappel, H.A. Atwater, and H.J. Lewerenz, ArXiv 2017 JCAP
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RAPID ADVANCES IN EFFICIENCY OF INTEGRATED STH PECs

Dual junction limiting efficiency

\

25
25%
20 4 19.3% JCAP/TUI/
© @ ISE (2017)
~ 15 4 [16.29% NREL(2017)
= U1 14% TUI/HZB/
L JCAP/ISE (2015)

10 0:5.% JCAP(2015)

to SQwater

Limit/ %
100

85

67
61
53
&1

E Jev C E / eV

gap,bottom gap,top

W.H. Cheng, M.H Richter, M.M May, J. Ohlmann, D. Lackner, F.

Dimroth, T. Hannappel, H.A. Atwater, and H.J. Lewerenz, ArXiv 2017
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UNASSISTED WATER SPLITTING WITH BIPOLAR MEMBRANE AT 10% ENERGY CONVERSION EFFICIENCY

Schematiclllustration®fBbipolark

membraneevicel

0.5 M KBi buffer @pH=9.3 |

4H

1MH S0,

Un-assisted®olar-driven@vater-splitting

Un-assisted photo-current density (mA cm'z)

performancel

O a4 N W R OO N ® ©
F— =

v

O F

20 40 60 80 100
Operating time (hours)

-~
(=

QO =2 N W kA OO N @ ©
AousIiolye UCISIBAUOD H]S

Oxygen volume (mL)

35

30

Product@asollection@erformancel

L

—e— Collected oxygen volume
- = expected oxygen volume

T I
d

2 4 6 8 10 12 14 16 18
Operational Time (hours)

AllRarth-abundant®lectrocatalysts:@NiO,Hor@ERENEheXBifbuffer@ndEoP,For@HERENE.0AMEH,SO,.B

> 1.0 cm?, > 10% STH conversion efficiency, >100 hour stability was achieved using a

tandem photoabsorber in a cell configuration that incorporates a bipolar membrane.
The acid stable electrocatalyst, CoP, was successfully integrated into the cell.
Bipolar membrane:
near-unity transference numbers for proton and hydroxide transport at relatively high
operational current densities
~400-500 mV voltage loss due to ohmic resistance, water dissociation and water transport

processes, further improvements can be made by incorporating water dissociation catalysts

at the interface.

K. Sun, R. Liu, E. Verlage, N. S. Lewis, C. Xiang, E&ES (2016)

JCAP
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SOLAR-DRIVEN REDUCTION OF CO, TO FORMATE AT 10% ENERGY CONVERSION EFFICIENCY

Schematic illustration of the series connected photoanode and dark

e Un-assisted solar to formate conversion efficiency at 10%
under 1.0 Sun illumination

0
O
N
)
X
O
m
(@)
O
m
=
(@
m
wm

"E 12 i T Y T ¥ T i
=
<
(0,+H,0 E 3 -
z M
g 6r §
v |
o
s 3 4
¥}
20H = =
& HC00+OH 30 : : : : : :
0 50 100 150 200
1.0 MKOH I bicarbonate electrolyte Operation time (min)
@pH=13.7 @pH=38.0

Minimal product crossovers even at high formate

Best combination of catholyte and anolyte to concentration

achieve the lowest total overpotential for the device

* Photoanode: InGaP/GaAs/TiO,/NiO, at pH=14 electrolyte previously used for solar water-splitting.

* Dark cathode: Pd/C nanoparticles on Ti mesh in pH=8 bicarbonate solution achieved < 100 mV
overpotential and >94% Faradaic efficiency at 10 mA cm2,

* Bipolar membrane sustained the steady-state pH differential and minimized the product crossovers.

CX Xiang, et.al. ACS Energy Lett., 2016, 1, pp 764-770 JCAP
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RELATIVE SCALE OF EMISSIONS AND POTENTIAL USES FOR COZ EI
m
Current emissions: Some possible non-atmospheric ends: Q
. X
r 3.8 GtC/yr Coal and other solid fuels w
I ! 3.6 GtC/yr Liquid fuels O
i 2.0 GtC/yr Methane and other gas =2
T 0.1 GtC/yr Other chemicals
! i ;
EI“_} . —I Z
o . . S
& & _ i Consumable Materials (, 3, Carbon recycling A
|« Use it | >
------- K >
! 3.0 GtC/yr C-based concrete substitute! m
! i 1.4 GtC/yr C-based steel substitute?
I i 0.8 GtC/yr CaCO4-based cement substitute?
> | i [ 0.2 GtC/yr Polymers
——— H |
| i |
B
| i Non-Consumable Materials , ; ¢ ; 5 Useful sequestration
|1
I 0.6 GtC/yr Manufacturing
10.9 GtC/yr Land use change 0.7-0.9 GtC/yr Enhanced oil recovery
8.5 GtC/yr Fuels combustion ; 0.6-2.2 GtC/yr Biomass storage (biochar)
i i 0.5-1.8 GtC/yr Geologic storage
Store it | ! ————————— 0.1-2.0 GtC/yr Deep ocean injection
------------------ A == =

Pure Sequestration®s ;4 15 13

GtC = 1 billion metric tons of carbon eguivalent, i_e. 1Gt MeOH = 12.01/{12.01+16.00+4*1 01) Gt = 0.37 GtC.
! Assuming cement is composed of CaC03, and the aggregate is composed of 50% Cal03 by mass - 2 Assuming a steel substitute that is similar in compasition to carbon fiber, Le. 90% C by mass.
1 Assuming cement is composed of CaC03 » 4 Estimated feasible scale-up rates by 2050, excluding geoengineering approaches. Shaded bars indicate the upper range of estimates,

JCAP
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THE CO, UTILIZATION LANDSCAPE E'
m
« Focus on processes able to capture, reduce or sequester 1 GtCO,/yr scale (;;
« 1 of the top 5 Priorities: Synthetic Transformations of CO, @
 Recommendations: O
* Reduce the cost of carbon-free/neutral energy in the form of heat/electricity =
* Focus on fundamentals of electrocatalysis and photoelectrocatalysis —
» Identify catalysts made of abundant elements that reduce the overpotentials for JZ>
CO2RR and OER at high reaction rates. w)
wn
Capture cap_t"re s Capture Products Pathways and End States Q
Sources Conversion Processes )
[ P\ - N | m

M/ / (;aseous c?r\ - f'o ueuq“,dfuels

Solvent ———| Supercritical C = Biomass

Chemicals and Materials

Plastic

. Cement

Construction materials

O Minerals

. Ex situ carbonate
formation
In situ carbonates from
enhanced weathering

Geological Formations
0il and gas reservalrs
Saline formations

Concentrated

\ i)
Sources \ \Ekg,, CO,, cq/}/
(e.g., power plants, — \

I 4
.'II -'II —'
cement plants, ¥ [/
biomass [y m
combustion, or \ ! AT
fermentation) NN Membrane |

Electrochemical /

Sorbent

CO, Reuse
and Negative
Emissions

Basalt formations

-

Ocean
+  Direct 0O, injaction
DOe=an fertilization

Alkalinity sugmentation

\
Air ca ture Therma- Shale and coal
(e.g., nat r:I Ceveld I chemical O Grasslands and agriculture
g‘ . } ¥ - o Management practices
in terrestrial y Fhoto- K . \ Crop selection c
= and marine i ' Electrochemical / Inorganic C  / W Blochar 5
= - A i \ . Enhanced species =
o _,:j':‘ eCosystems, and -Tl'\. ',/ Mi lizati l- {blcal‘bﬁnate; .,-F“\ \ \' '| - Microblal enhancement m
8O direct air-capture \ e e %rbnnate/}/ \, \ A O L E
) - , . t
Tio with chemicals or — ™ \\h . AMforestation v
2 ) \
=5 weathering) | Biological ! ™, \\ iy +  Lland management g.
T — v \\ .+  Enhanced species b
" ,
g & " A\ O Wetland creation and U:q
= ’ ‘ restoration o
°G -
oo
W
a2
U5
=
]

=]
-~ =
am
T
58
=

other
feedstocks

Secretary of Energy Advisory Board Report, 12/13/2016 J C AP
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THE CO, UTILIZATION LANDSCAPE
CO, feedstock
at $/tC ;
Electrochemical . Methanol
/&\ Thermochemical Ethanol
H0 -/@M‘- (Reversse']i\;\tlafer Sas Hydrocarbon

~ H Fischer-Tropsch) ($/kg; S/L)
Biochemical $/2kg

q Thermochemical
Carbon-free/netural (B)
exergy at $/kWh

—
L
m
Q)
>
X
o
O
P
—
>
P
O
w
Q)
>
o
m

CO, feedstock
at $/tC

Elec hemical
=) Aﬁh\ Methanol
/——\-Ethanol
H:0 Hydrocarbon
SSome e

Thermochemical
Carbon-free/netural (A)
exergy at S/kWh

g Methanol
Thermochemical h |
H,0 (Reverse Water Gas Ethano
Fossil sources Thermochemical Shift + Hydrocarbon
of Cor CH, H. at Fischer-Tropsch) (S/kg; S/L)
2
Fossil fuel- S/ke
based energy
CO, capture and storage (C)

Secretary of Energy Advisory Board Report, 12/13/2016 J c AP
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ROUTES TO FUELS FROM CO,: COMPARING APPROACHES

Approaches to reduction of CO,

to fuels:

Carbon Dioxide

o »
Hydrogen
®e

Methane

Ethyle ‘

Carbon Monoxid

Methanol‘

Formic Acid

Thermocatalysis

Electrocatalysis Photocatalysis

2H* ® ecb

b
bl S0 CH, cpy
& "

Electrocatalysts o co,

".""“‘g : '\f;i".“”g?f

f\\os
e

H* + OH"

Sunlight

o) . [¢) . R o] . R M_! .'\: . Y LOH o |
_g‘éj)g %ﬁ(uféﬁ

Biocatalysis

Biocatalyst -
kY UE
S

({e,

Advantages:

Mature technology; heat
only required as energy
input

Disadvantages:

High capital cost and
intrinsically large-scale for
plant; efficiency < 100%

Room temperature
operation, high FE and
throughput for certain
products (e.g., CO, HCOO)

Low capital cost, scalable,
uses sunlight as direct
energy input

Low efficiency and
selectivity, product
separation

Limited throughput, low
selectivity and STF
efficiency for alkane and
alcohol fuels

Low capital cost; near
room temperature; near
neutral pH operation

Limited durability (bacteria
die after 30 days); limited
pH range, low throughput

JCAP
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WHY NOT JuST MAKE CO AND H, AND USE THERMOCHEMISTRY TO DO THE REST?

« High capital cost for thermochemical
plant

» Fischer-Tropsch thermal conversion
efficiency 50-60%

» Requires source of hydrogen using
process other than steam reforming
(PEC water splitting technology
development ongoing)

—
O
>
o
<
wn
D
@
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>
=
O
wn
—
X
>
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m
@
<<

Japanese Gas to Liquids Pilot Plant, Niigata City, Japan

Production scale: 500 barrels/day

JCAP aims for direct, selective CO,R catalysis strategies under mild P & T conditions
that have potential for scalable production of fuels from sunlight with low capital cost.




CHEMICAL SYNTHESES FROM SYNGAS AND METHANOL

* Many chemical conversions from syngas to products, including gasoline via Fischer-Tropsch
* Many chemical conversions from methanol to products, including gasoline
* Methanol is an achievable product from CO,R PEC

Waxes
Diesel

Gasoline

F-T has 50-60% thermal energy
conversion efficiency

=
=
o
m

Methanol synthesis has 50-60%
thermal energy conversion
efficiency

Methanol-to-gasoline (MTG)

Mixed Q Acetic Acid
Alcohols Fischer-Tropsc =
.
(8]
Formaldehyde o )
2% 9ol5
% Zlo
alo
% b
Q -~ zeolites :
] Isosynthesis ‘ Olefins
I-C, Methanoll
ThO, or Zr0, \o MTO
o % MTG
H,0 = "
WGS @
DME

N, over Fe/FeO

NH, <

(K,0, AlLO,, Ca0)

has 95% thermal energy

M100 conversion efficiency
M85
DMFC
Alcohols Liquid fuel
Source: P.L. Spath and D.C. Dayton, Preliminary screening—technical and economic
assessment of synthesis gas to fuels and chemicals with emphasis on the potential J CAP

for biomas-derived syngas, Mational Renewable Energy Laboratory, NREL/TP-510-

24929, December, 2003,
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CU IS THE BEST ELEMENTAL CATALYST — SO FAR

_l
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POSSIBLE PATHWAYS FOR COZ REDUCTION CATALYSIS ON COPPER
a) - N HCOO™
C, Products: CO, Adsorption C0, > d -2 é
! o
CO HCOO- T . 11
2 — H major
T o 0 A i
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H* &
&
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cCO, ——» CH,OH "N #° o 7 o CH,OH
|—_I—| C ~ ,}0 minor
é i é C
(H* +¢) Cu(111) @ -0.8 V - 3H te) —y
Cu(100) @ -0.4 V o
4 HO
. . o N -z .
C, Products: CO Dimerization b) :g g ?-mffd il ‘f" jm —
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0 ., () e \? (1|'+a; i \? (H' +e)
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COZ —> HCOO- (H*+ ) Hl o, 'i{ "‘}I} or !3 0 +e)
_—— > > | e——= — > ]

R. Kortlever, J. Shen, K-J P. Schouten, F. Calle-Vallejo, and M.T.
M. Koper, J Phys Chem Lett., 6, 4073-4082 (2015).
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SCALING RELATIONSHIPS FOR CO, INTERMEDIATES ON CU
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Adsorption energies of the key bound Adsorption energies of adsorbates binding
intermediates on fcc Cu (211) through oxygen

Peterson and Ngrskov, J Phys Chem Lett.,3, 251-25 (2012). JCAP
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OVERCOMING SCALING RELATIONSHIPS FOR COZ REDUCTION

Photocatalysis Strategies
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THEORY DEVELOPMENTS
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EXPERIMENTAL DEVELOPMENTS
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Catalyst Composition Catalyst Surface Structure Catalyst Morphology
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OECSTM Image Surface Lattice Model
Copper Atomlc Percent POst-ORC Gu(pc)-[Cu(100)] Cu(S)-[3(100)x(111)] or Cu(511)
Y.G. Kim, A. Javier, J.H. Baricuatro, and M.P. Soriaga, Electrocatal., A. Loiudice, P. Lobaccaro, J.W. Ager, and R. Buonsanti, Angew.
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\ ).T. Feaster, C. Hahn, and T.F. Jaramillo et al., 2016. y \Chem. Soc., 2016, 138, 13006-13012. y J.T. Feaster, J. Yano, T.F. Jaramillo, and W.S. Drisdell et al., 2016.
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Use of CsHCO; buffer increases FE to C,, products (ethanol, ethylene) on Cu foil g
e
2
0.2 0.3 0.7 1.8 3.3 C2H4 / CH4 Z
m
=2
_|
(0o
1- Propanol
Ethanol —
o
R Acetate
~ Formate
LLJ Ethylene <«—
LL Methane
Cco
H,

Li Na K Rb Cs
Electrolyte

—-1.0 V vs RHE in CO,-saturated 0.1 M MHCO,

Singh, M. R.; Kwon, Y.; Lum, Y.; Ager, J. W.; Bell, A. T.
J. Am. Chem. Soc. 2016, 138, 13006-13012. JCAP
Also: Murata, A.; Hori, Y. Bull. Chem. Soc. Jpn. 1991, 64, 123-127. #urcamotosmmess




IDENTIFICATION OF ELECTROCATALYSTS FOR CO,RR 10 H,COO

2
L
m
Scientific Achievement COy4) COg  CHyg or CHyOH =
Identified tandem, bimetallic catalysts for rﬁ
the preferential formation of H,COO over Cu. Ni, Pd, 0. Rh, Ir )
Hy. Gold (or Silver) NO
S 2
Significance and Impact 7 A
4
Selective reduction of CO, to H,COO can // g
be achieved by embedding metal atoms ot —
4
that favor CORR over HER in a host metal ~ 0.5 - ot %
that favors CO, reduction to CO. The (DI ,/'
CORR catalyst must bind *CHO (or *COH) <« Co-Aul1l et 9 o %
more tightly than *H 0.0 - Comu100 OfgAs* © OO ©
O-AU Rh-A m/@ @
Research Details Rh-Au100 0
Rh-Ag1QQ Ir-Agll
DFT/RPBE/APW was used to calculate the 051 o O,
free energy of activation for all elementary ' Ir-Aull;/
steps in CO2 reduction to CO on Au(111) or /’
Ag(111) surfaces and the reduction of CO to ,/ _‘
H2CO vs H2 on Cu, Ni, Pd, Pt, Co, Rh, and Ir -1.0 ’ . .
atoms embedded in the host metal surface.
-1.0 0.0 1.0

AG..; or AG.

M.-J. Cheng, A.T. Bell, and M. Head-Gordon, ACS Catal. 6, 7769-7777 (2016)




ELECTROCHEMICAL REDUCTION OF COZ SELECTIVELY TO METHANOL

Near-Surface Alloy for Selective Reduction
of CO, to CH,0H

A theoretical prediction: a near-surface alloy (NSA) of a
monolayer of Au on bulk W was empirically found to
generate CH,;OH to the exclusion of other hydrocarbons
and alcohols.

Approach

* Combined density-functional theory and adsorption-
energy descriptors AG°,, AG®, and AG®,,, predicted a

Au-W-Au NSA that would be CH;0H-product-selective.

* Overlayer NSA films of (0.5 to 3 ML) Au on W were
prepared by controlled galvanostatic deposition.

Theoretical Model Experimental Mimic
Au-W on Au AuonW

Back, at al,. “Selective CO, Electroreduction to
Methanol.” ACS Catal. 2015, 5, 965.
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Products from CO, reduction at -1.2 V(RHE)
in 0.1 M KHCO; were analyzed by Differential
Electrochemical Mass Spectrometry (DEMS).

Only CH;0H was found.
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ELECTROCHEMICAL REDUCTION OF COZ SELECTIVELY TO METHANOL

o]
_|
>
Constant-potential DEMS of CO, Reduction on Au-W Near-Surface Alloy —
o
m
6.0 6.0 wn
~— 0.5MLAu CH4 ) ~— 0.5MLAu C2Ha4 . om0 MEA CH30OH M
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é 404 == swmm é 404 -~ swmam é 404 - 3mAau wn
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Time/s Time/s Time/s e
e,
m
O
cC
Theoretical Prognosis Experimental Result Future Work: g
CH;OH-Selective CH;OH-Selective Prepare NSA as prescribed by theory CZJ
High Activity Not yet optimized Try different substrates with the same NSA -
Low Overvoltage Not yet optimized Obtain complete and quantitative product analysis ;
HER Suppression Not yet optimized Have theory scrutinized by other theory groups g
O
A. Javier, J. H. Baricuatro, Y.-G. Kim and M. P. Soriaga*. “Au-on-W Near-Surface Alloy as a 5,

CH;O0H-Product-Selective Electrocatalyst for CO, Reduction: Empirical (DEMS) Confirmation of a
Computational (DFT) Prediction.” Electrocatalysis, 6 495. (2015).




POLARIZATION CURVES, CU — THEORY VS EXPERIMENT

CO reduction rate

log(j (MA/cm?))
|

EPCO(Q,) = 1 mbar

1§ Wy, -+ CO,RR experiment
' —— (211) surface
—— (111) surface
—— (100) surface

-5 . .
-1.6 -1.2 -0.8 -04
Voltage (V)

Liu, Xiao, Peng, Hong, Chan, Ngrskov, Nature Comm. (2017)

Exp.: Kuhl, et al. JACS doi:10.1021/ja505791r (2014).

Kuhl, Cave, Abram, Jaramillo,

Energy & Environmental Science 5, 7050 (2012).
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EPITAXIAL GROWTH USING PHYSICAL VAPOR DEPOSITION

\_

Directing growth orientation
utilizing interfacial energy

(100), (1112) (0001)

~N

J

D. B. Knorr and T.-M. Lu, Textures and Microstructures, 1991, 13, 155-164.
B. G. Demczyk, R. Naik, G. Auner, C. Kota and U. Rao, Journal of Applied Physics, 1994, 75, 1956-1961.

I. Hashim, B. Park, and H.A. Atwater, Applied Physics Letters, 1993, 63, 2833-2835.

r

Normalized XRD Intensity (a.u.)

E-beam Evaporation

—— Cu/TilAl,0,(0001)
Cu/Si(100)
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TEXTURE OF CU THIN FILMS

4 Cu(100)/Si(100)

Cu(751)/Si(111)

Cu(111)/Al,0,(0001) )

Inverse Pole Figure
[111]

[001] [101]j

-

Cu(100) )

Cu(111)

C. Hahn, T. Hatsukade, Y.G. Kim, A. Vallionis, J.H. Baricuatro, D.C. Higgins, S. Nitopi, M.P. JCA =
Soriaga and T.F. Jaramillo, PNAS, 2017. i
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EFFECTS OF SURFACE STRUCTURE ON C-C COUPLING SELECTIVITY

T g T L T u T E T
C3 i

P c2

I C1

Cu(111) |

I Cu(751)

g Cu(100)

.
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2000000 E
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’ 6-fold coordination
‘ 7-fold coordination
’ 8-fold coordination
ﬁ 9-fold coordination
O 10-fold coordination
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‘ 12-fold coordination

Current Efficiency (%)
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= Cu(111)
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10 105 100 -095 -0.90
Voltage vs RHE (V)

C-C coupling is favored on under-coordinated sites.
Epitaxial Cu thin films are single-crystal analogous for C-C coupling selectivity.

C. Hahn, T. Hatsukade, Y.G. Kim, A. Vallionis, J.H. Baricuatro, D.C. Higgins, S. Nitopi, M.P. JCA
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Soriaga and T.F. Jaramillo, PNAS, 2017.




L EZZ Cu(111 J .
S 06 . 4 Hydride Transfer A
& YO @ cuioo)
S | N
5
o4 ~ 7
= 5 /
/
% 25 é J.D. Goodpaster, A.T. Bell, M. Head-Gordon,
— 7 / JCPL, 2016, 7, 1471-1477.
gl BB " y
goafsk |
@) / Z
g ; 4 Proton-coupled )
2 7 Electron Transfer
E°1 / * %
0.0 — A
-1.10 105 -1.00

oltage vs

¢

4

Cu(751) has the lowest number of nearest neighbors, and is the least likely
to have adsorbed H* adjacent to C2 intermediates.
PCET instead of hydride transfer leads to less structure sensitivity.
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OECSTM: Cu RECONSTRUCTION AT CO,R CONDITIONS (-0.9 V/0.1 M KOH)

Cu(pc)
t=0m

____),
5nm¥3pm %2
Cu(pc) » Cu(111) Cu(pc) » Cu(111) > Cu(100)
t=30m t=60m

Cu(111)
t=0m t=60m
—_— —_—
3Inmx 3 nm
Cu(110) Cu(110) > Disordered E)t‘m(lll) Cu(110) - Cu(100)
t=0m t=30m t=60m

Y.-G. Kim, J. H. Baricuatro, A. Javier and M. P. Soriaga, J.Electroanal. Chem. 780 pp 290-295 (2106)
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REGULATING CO-REDUCTION SELECTIVITY BY CONTROL OF SURFACE STRUCTURE

W
=
Ethanol-product Selectivity of Post-ORC CO-to-C,H;0OH on Cu(511) j_>|
Cu(pc)-[Cu(100)] at-1.0 Vin 0.1 M KOH Mm
©
m
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i
@)
X
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—
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=, 3 : Cu.(pc) Z
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Y.-G. Kim, J. H. Baricuatro, A. Javier and M. P. Soriaga, J.Electroanal. Chem. 780 pp 290-295 (2106)



HIGH THROUGHPUT DISCOVERY OF PHOTOANODES
Light-absorber screening T Zation ha Data informatics Theory + HiTp
Electrocatalyst screening and distribution Computation

Design Materials & Interface with MP Database
Joint project with the Materials Project to design
photoanodes and identify candidate materials.

Library
synthesis
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High Throughput Computation High Throughput Experimentation
Judicious choice of functional to rapidly Identify synthesis conditions, generate
evaluate the electronic structure and composition maps of optical and
Pourbaix stability of hundreds of materials photoelectrochemical properties.
Fingerite, Cu,, VO, McBirneyite, y-Cu,V,0, Blossite, a-Cu,V,0, Fingerité Mc'Birneyite ' B 1.0
4 $ 4 4 L
3 | 3 0.8 ¢
V 3d & e
| -+~
! Cu3d | | i e 0.6 %
spin up | spin down o =
3 3 3 < v
5 o2 EB° g E e
2, = 3, ~ <
02%
: . . . Zie§ite 1 o
== 035 040 045 050
Density of states - Density of states - Density of states xr |n (:u]__g;\/z Oz

L. Zhou, Q. Yan, A. Shinde, D. Guevarra, P. F. Newhouse, N. Becerra-Stasiewicz,
J. B. Neaton, J. M. Gregoire, Adv. Energy Mater. 5, 1500968 (2015).




HIGH THROUGHPUT DISCOVERY OF PHOTOANODES: INTEGRATED THEORY-EXPERIMENT PIPELINE C.:_E
I
Stitching complementary techniques together accelerates hypothesis-based discoveries :_|:|
: : - ‘ ‘ ‘ ' ‘ ' ' >
Materials Project S 0.7t % o @)
= U, °® ° @) <
>66000 compounds Design Criteria ) % o ®©. ®* o, ‘Q? ©° | HSE t()an;j %
© O-6r l v
B GGA+U: Eg<3eV, P . : e T
D @ °® O
2 AH <80 meV/at. s . G ] c
\ HSE: 12 <Eg<2.8eV ) Q04 . Ol —
1 © 0.3} Rt
S ( GGA+U: Even < Eozizo ) S ool ® §> 18 §
' ' e ] —
‘?% 5 ( PVD,XRD: purity > 80% ) 5 04l = m
G} UV-vis: 1.2 < Eg< 2.8 6V) Zool . . 0.4 >
73 6 O 00 01 02 03 04 05 06 07 =
W F T Y P Lo U N [ L U S J
@7 R ) -6r @© °@. ~ Eoer ] (mizﬁ:}ﬁl?z) 9
B [ ] o 7 2 m
Pipeline execution summary: % -7t L% @ 1, 28 8
*  Out of the 15 hits there are 12 discoveries (3 of 15 § I ®© ® ¢ %@ ] o 0'2 o ﬁ
-8t o o - : py)
were already reported) L _ ) 1 0.002 © =
* The 88% hit rate upon successful synthesis provides ol |
credence to the design criteria and the computational ‘ ‘ ‘ . ‘ . @
KFlow 00 01 02 03 04 05 0.6 0.7
wor O 2p band character at VBM

* These experimentally-verified predictions
foundationally demonstrate that high throughput
computation can accelerate experimental discovery of
functional materials.

Q. Yan, et.al. (Persson, Gregoire, Neaton) PNAS, 114 3040-3043 (2017). JCAP
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* Varying the electronic band character in
complex oxides enables tuning of the
band gap energy and band positions.




BIPHASIC OER CATALYST INTEGRATED ON SI

Onset potential for water oxidation of <1V versus RHE
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S|02 a 40 123V
|
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J. Yang, et.al. (Toma, Yano, Sharp) Nature Materials, 114 3040-3043 (2017). JCAP
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the film into solution after 72 hr.




MEMBRANELESS FLOW CELL PROTOTYPE FOR SEPARATIONS ;
@)
o
fi fl
“ (10° mol me ) " >,
W =10 mm v E
Q =5 ml min"' . 100 : : : : %
S
os L>)\
c
o
0.6 -~ .9
©
o
04 _g O—0O W=5mm
® 0—a W=10mm
0.2 [\ 20 B B—a W = 15 mm .
L
) % 5 10 15 20
Flow rate (g/min)
A new electrochemical CO, test bed implements
isolates the fuel-containing electrolyte produced at Overall Faradaic efficiency (sum of both
th thode f th d d d t channels) for formate production with 01
€ cathode from the anode and produces a stream M KHCO; electrolyte saturated in CO,
of liquid products. and Sn cathode at 5 mA/cm?2.
Cell design validated with 2-D Multiphysics modeling and
experimentally implemented. Goulet, M.A.; Kjeang, E. J. of Power Sources.

2014, 260, 186-196.
Ismagilov, R.F.; Stroock, A.D.; Kenis, P.J.A.; et
al. Appl. Phys. Letters. 2000, 76, 2376-2378.

Separation efficiency as high as 90% demonstrated.

Monroe, M. M.; Lobaccaro, P.; Lum, Y.; Ager, J. W.,

J. Phys. D. Appl. Phys. 50, 154006 (2017).
JCAP
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MuLTIPHYSICS M TOR AND TESTING PLATFORM

Optimize geometries of Guide materials development
prototype designs 2 4 6

Multiscale model

membrane

Faradic efficiency (%)
Top Band-Gap (eV)
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EXPLORING DEVICE-LEVEL LIMITATIONS
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1 20 mA/cm? is feasible with 1 atm CO, or equivalent high concentration locally
1r For aqueous: pH 7.5 to 8.5 shows lowest total losses while maintaining selectivity towards CO,

Key is local CO, concentration

M. R. Singh, E.L. Clark, A.T. Bell, doi: 10.1039/C5CP03283K
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SUMMARY
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* A strategy for selective EC-CO, reduction: multifunctional cathode that combines
multiple active sites, functional coatings, nanoscale confining volumes

* Mechanism discovery: initial focus predominantly on Cu and Cu alloys
e Materials discovery:

* bimetallic alloy candidates screened and synthesized

» oxide photoanode theory/experimental effort achieves high predictive yield
* Integration - focus on OER (— biphasic cobalt oxide)

e Prototyping: device architectures for EC and PEC CO2RR
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