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Key	performance	metrics:	
•  Conversion	efficiency	
•  SelecHvity	
•  Stability	
•  Scalability	
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Electrochemical	conversion	of	CO2	to	CO	at	10	mA	cm-2	

•  Thermodynamic	voltage	window:	1.33	V	
•  KineHc	overpotenHal	for	OER:	~300	mV		
•  KineHc	overpotenHal	for	CO2RR	~200	mV	
•  ConcentraHon	overpotenHals:	~100	mV	
•  Ionic	transport	losses:	~100	mV	
Total	voltage	needed	at	10	mA	cm-2	=	~2.03	V	
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The	“engine”	of	the	system:	provide	the	necessary	voltage	and	current	for	the	overall	
chemical	reacHon.	

Electrochemical	conversion	of	CO2	to	CH4	at	10	mA	cm-2	

•  Thermodynamic	voltage	window:	1.33	V	
•  KineHc	overpotenHal	for	OER:	~300	mV		
•  KineHc	overpotenHal	for	CO2RR	~1.4	V	
•  ConcentraHon	overpotenHals:	~100	mV	
•  Ionic	transport	losses:	~100	mV	
Total	voltage	needed	at	10	mA	cm-2	=	~3.23	V	

STF	efficiency	for	CH4	

Max	Efficiency-	6.95%	at	opHmal	band-gap	
combinaHon	

For	high	operaHng	voltages		
•  Current-voltage	opHmizaHon	by	coupling	various	PV	modules	in	

series	and/or	in	parallel	and	by	adjusHng	area	raHos	of	the	catalyst	
to	PV	area.	

Kageshima,	Y.;	Shinagawa,	T.;	Kuwata,	T.;	Nakata,	J.;	Minegishi,	T.;	Takanabe,	K.;	Domen,	K.,	A	miniature	solar	device	for	overall	
water	spliong	consisHng	of	series-connected	spherical	silicon	solar	cells.	Scien1fic	Reports	2016,	6.	
Singh,	M.	R.;	Clark,	E.	L.;	Bell,	A.	T.,	Thermodynamic	and	achievable	efficiencies	for	solar-driven	electrochemical	reducHon	of	
carbon	dioxide	to	transportaHon	fuels.	Proceedings	of	the	Na1onal	Academy	of	Sciences	of	the	United	States	of	America	2015,	
112,	(45),	E6111-E6118.		
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Kortlever,	R.;	Shen,	J.;	Schouten,	K.	J.	P.;	Calle-Vallejo,	F.;	Koper,	M.	T.	M.,	Catalysts	and	ReacHon	Pathways	for	the	Electrochemical	ReducHon	of	Carbon	
Dioxide.	J	Phys	Chem	Le?	2015,	6,	4073-4082	
Jovanov,	Hansen,	Varela,	Malacrida,	Peterson,	Nørskov.	Stephens,		Chorkendorff	,	J.	Catal.	(2016)		
Jhong,	H.	R.;	Ma,	S.	C.;	Kenis,	P.	J.	A.,	Electrochemical	conversion	of	CO2	to	useful	chemicals:	current	status,	remaining	challenges,	and	future	
opportuniHes.	Curr	Opin	Chem	Eng	2013,	2,	191-199		
		

We	can	perform	CO2	
reducHon	to	CO	or	
formic	acid	quite	well!	

production. Several different experimental groups have shown that
RuOx based electrodes achieve partial current densities up to
1 mA cm!2 at overpotentials for methanol production below
"0.2 V, albeit with up to 80% Faradaic selectivity towards H2 and
other products. DFT calculations suggest that RuO2(110) produces
methanol via a formate intermediate [65]. Presumably, this class of
materials exhibits a different scaling relation between reaction
intermediates, relative to metal surfaces, leading to this improved
overpotential.

On the other hand, CO2 reduction catalysis on metal oxides
could be challenging if the material would be unstable towards
reduction under reaction conditions. However, for the case of
RuO2, X-ray photoelectron spectroscopy measurements showed
that such reduction does not occur at potentials relevant to CO2

reduction [66].

1.2. Breaking the scaling relations by alloying

Nature provides an inspiration towards the improvement of CO2

reduction catalysis: for instance the dehydrogenase enzyme can
evolve CO from CO2 at high rates at very low overpotentials –
key to its superior performance is that the intermediates of CO evo-
lution, ⁄COOH and ⁄CO, possess binding that deviates from the scal-
ing relationships exhibited by pure metals [34]. Bimetallic alloyed
surfaces should exhibit similar bifunctional behaviour: for
instance, since ⁄CO will tend to bind to metals exclusively via the
C atom, embedding an oxophillic atom into the surface would
selectively stabilize ⁄COOH and ⁄CHO over ⁄CO. Notably similar ‘‘bi-
functional” catalyst concepts drive the reverse reaction, i.e. metha-
nol and CO oxidation [64,67–76].

Despite the apparent promise of bimetallic catalysts for CO2

reduction, thus far only a handful of experimental studies have

been devoted to this area [42,46,47,77–79], most of which focus
on combining Cu with noble metals such as Au or Pt
[46,78,80,81]. Interestingly, the most active metal surface on
Fig. 5 is a bimetallic Cu/Ni surface, which shows decreased overpo-
tential for methanol production, relative to pure polycrystalline Cu
or Ni (albeit with a low total Faradaic selectivity of 7%) [55]. Addi-
tionally, early studies from Ito et al. and Sakata et al. identified
improvements in CO evolution electrocatalysis when Cu is alloyed
with Ni, Sn, Zn, Cd and Ag [55,82,83]. Moreover, Hori and cowork-
ers compared modified polycrystalline Au by electrodepositing
more oxophillic metals (Sn, Zn, Cd, Ag) [77]. They observed
increased formate production, but decreased CO production, upon
bulk electrolysis at !5 mA cm!2 [77]. Nonetheless, in almost all the
studies we have highlighted thus far, the catalysts exhibit proper-
ties more akin to a mixture of the constituent pure elements,
rather than the desirable synergetic effects we could hope for from
alloying.

Our recent study of Cu monolayers on Pt single crystals pro-
vides microscopic insight into the processes that might limit the

Fig. 4. Overview of the state-of-the-art electrocatalytic activities for aqueous CO2

reduction to CO – (a) current densities plotted as originally reported (commonly
normalized to the geometric area of the electrode). References [C] and [G] marked
with # are converted from original units of A g!1 to units of mA cm!2 correlating
nanoparticle catalyst loading with an estimated exposed active surface area
assuming semispherical particles. Conversion for reference [J] was performed using
immobilized porphyrin structures loading. (b) Current densities normalized to the
active surface area calculated from the reported roughness factors. For reference [K]
marked with ⁄ the roughness factor was not reported. Data adapted from: [A]
polycrystalline Au, Hori et al. [32], [B] oxide-derived Au, Chen et al. [39], [C] 4 nm
Au particles, Zhu et al. [45], [D] nanoporous and polycrystalline Ag, Lu et al. [40], [E]
polycrystalline Cu, Kuhl et al. [11], [F] highly porous Cu–In, Rasul et al. [42], [G] Au
and Au3Cu nanoparticles, Kim et al. [46], [H] polycrystalline Au, Au3Cd bulk alloy
and 0.1 monolayer Cd/Au surface alloy, this work, [J] FeMn–N–C supported catalyst,
Varela et al. [41], [K] MoS2 with ionic liquid, Asadi et al. [47].

Fig. 3. (a) Upper: Experimental volcano plot of partial current density for overall
CO2RR at !0.8 V vs. RHE against the CO binding strength; (b) Lower: Experimental
volcano plot showing the onset potentials plotted vs. CO binding energy: black filled
squares correspond to the overall CO2RR, and red filled triangles to the methane or
methanol formation. Dashed lines are to guide the eye. Reprinted with permission
from Ref. [14] American Chemical Society. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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What	about	everything	else?	

Cu	electrode	for	CH4	producHon	
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Peterson,	A.	A.;	Norskov,	J.	K.,	
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The-state-of-the-art	OER	catalysts	

Zhang,	B.;	Zheng,	X.	L.;	Voznyy,	O.;	Comin,	R.;	Bajdich,	M.;	Garcia-Melchor,	M.;	Han,	L.	L.;	Xu,	J.	X.;	Liu,	M.;	Zheng,	L.	R.;	de	Arquer,	F.	P.	G.;	Dinh,	C.	T.;	Fan,	
F.	J.;	Yuan,	M.	J.;	Yassitepe,	E.;	Chen,	N.;	Regier,	T.;	Liu,	P.	F.;	Li,	Y.	H.;	De	Luna,	P.;	Janmohamed,	A.;	Xin,	H.	L.	L.;	Yang,	H.	G.;	Vojvodic,	A.;	Sargent,	E.	H.,	
Homogeneously	dispersed	mulHmetal	oxygen-evolving	catalysts.	Science	2016,	352,	333-337	
McCrory,	C.	C.	L.;	Jung,	S.	H.;	Peters,	J.	C.;	Jaramillo,	T.	F.,	Benchmarking	Heterogeneous	Electrocatalysts	for	the	Oxygen	EvoluHon	ReacHon.	J	Am	Chem	Soc	
2013,	135,	16977-16987			
	

Bench	mark	OER	catalyst	performance	
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CO2	DELIVERY	TO	THE	ELECTRODE	SURFACE	
•  Elevated	pressure	

•  Non-aqueous	solvent	(imidazolium-based	ionic	liquids,	amines,	etc)		

•  Gas	diffusion	electrodes	

Hara,	K.,	et	al.,	High-Efficiency	Electrochemical	Reduc1on	of	Carbon-Dioxide	under	High-Pressure	on	a	Gas-Diffusion	Electrode	Containing	Pt	Catalysts.	Journal	of	the	Electrochemical	Society,	1995.	142(4):	p.	L57-L59.	
Hara,	K.	and	T.	Sakata,	Electrocataly1c	forma1on	of	CH4	from	CO2	on	a	Pt	gas	diffusion	electrode.	Journal	of	the	Electrochemical	Society,	1997.	144(2):	p.	539-545.	
Thorson,	M.R.,	K.I.	Siil,	and	P.J.A.	Kenis,	Effect	of	Ca1ons	on	the	Electrochemical	Conversion	of	CO2	to	CO.	Journal	of	the	Electrochemical	Society,	2013.	160(1):	p.	F69-F74.	
Alvarez-Guerra,	M.;	Albo,	J.;	Alvarez-Guerra,	E.;	Irabien,	A.,	Ionic	liquids	in	the	electrochemical	valorisaHon	of	CO2.	Energy	&	Environmental	Science	2015,	8,	(9),	2574-2599.		
Rosen,	B.	A.;	Salehi-Khojin,	A.;	Thorson,	M.	R.;	Zhu,	W.;	Whipple,	D.	T.;	Kenis,	P.	J.	A.;	Masel,	R.	I.,	Ionic	Liquid-Mediated	SelecHve	Conversion	of	CO2	to	CO	at	Low	OverpotenHals.	Science	2011,	334,	(6056),	643-644.		
	

CO2	Solubility	(25oC,	1	atm):		
•  0.034	M	in	water	
•  	0.28	M	in	acetonitrile	
•  ~	1	M	in	imidazolium-based	ionic	liquids	



IONIC	TRANSPORT	AND	PRODUCT	SEPARATION	
SchemaHc	illustraHon	of	an	alkaline	electrolyzer,	PEM	electrolyzer	
and	a	solid	oxide	electrolyter	

Gas-Hght	diaphragm:	ceramic	and	
micro-porous	materials		

Solid	polymer	electrolyte:	
Nafions,	Felmions,	or	Aciplexs.	

	
	

Solid	oxide	electrolyte:	
ydrium	zirconium	oxides	(YSZ)

		

At	extreme	pHs	

At	near	neutral	pHs	
Re-circulaHon	with	other	caHons	as	the	ionic	
current	carriers	

Bipolar	membrane	for	sustainable	electrolysis	at	near	neutral	pH.	

Vermaas,	D.	A.et.	al.,	Photo-assisted	water	spliong	with	bipolar	membrane	induced	pH	gradients	for	pracHcal	solar	fuel	devices.	Journal	of	
Materials	Chemistry	A	2015,	3,	(38),	19556-19562.		
Sun,	K.	et.al.,	A	Stabilized,	Intrinsically	Safe,	10%	Efficient,	SolarDriven	Water-Spliong	Cell	IncorporaHng	Earth-Abundant	Electrocatalysts	with	
Steady-State	pH	Gradients	and	Product	SeparaHon	Enabled	by	a	Bipolar	Membrane,	Advanced	Energy	Materials,	2016,	1600379 		

ModesHno,	M.	A.;	et.al.,		Robust	producHon	of	
purified	H-2	in	a	stable,	self-regulaHng,	and	
conHnuously	operaHng	solar	fuel	generator.	
Energy	&	Environmental	Science	2014,	7,	(1),	
297-301.		

Xiang,	C.	X.;	Papadantonakis,	K.	M.;	Lewis,	N.	S.,	Principles	and	implementaHons	of	electrolysis	
systems	for	water	spliong.	Materials	Horizons	2016,	3,	(3),	169-173.	



O
VERVIEW

	
OUTLINE	

•  The	Basic	OperaHng	Principles	of	a	Photoelectrochemical	(PEC)	CO2	
ReducHon	ReacHon	(CO2RR)	System.	

•  Materials	and	Components.	
•  Device	Designs	and	DemonstraHon.	



STAND-ALONE	PV+MEA	DESIGN	

1.	Series	connected	PV+MEA	design		

Jeon,	H.	S.;	Koh,	J.	H.;	Park,	S.	J.;	Jee,	M.	S.;	Ko,	D.	H.;	Hwang,	Y.	J.;	Min,	B.	K.,	A	monolithic	and	standalone	solar-fuel	device	having	
comparable	efficiency	to	photosynthesis	in	nature.	Journal	of	Materials	Chemistry	A	2015,	3,	5835-5842		

Jeon,	H.	S.;	Koh,	J.	H.;	Park,	S.	J.;	Jee,	M.	S.;	Ko,	D.	H.;	Hwang,	Y.	J.;	Min,	B.	K.,	A	monolithic	and	standalone	solar-fuel	device	having	comparable	
efficiency	to	photosynthesis	in	nature.	Journal	of	Materials	Chemistry	A	2015,	3,	5835-5842		

6.5%	to	CO	

4.5%	to	CO	



STAND-ALONE	PV+MEA	DESIGN	

Some	inspiraHon	from	PEC	water-spliong	system:	

1.	Series	connected	PV+MEA	design	coupled	with	solar	concentrator		

Nakamura,	A.;	Ota,	Y.;	Koike,	K.;	Hidaka,	Y.;	Nishioka,	K.;	Sugiyama,	M.;	Fujii,	K.,	A	24.4%	solar	to	hydrogen	energy	
conversion	efficiency	by	combining	concentrator	photovoltaic	modules	and	electrochemical	cells.	Appl	Phys	
Express	2015,	8		

24.4%	solar	to	hydrogen	
conversion	efficiency		



INTEGRATED	PEC	CO2RR	SYSTEM	

2.	Integrated	macroscopic	planar	devices	

Arai,	T.;	Sato,	S.;	Morikawa,	T.,	A	monolithic	device	for	CO2	photoreducHon	to	generate	liquid	organic	substances	in	a	
single-compartment	reactor.	Energ	Environ	Sci	2015,	8,	1998-2002		

Sugano,	Y.;	Ono,	A.;	Kitagawa,	R.;	Tamura,	J.;	Yamagiwa,	M.;	Kudo,	Y.;	Tsutsumi,	E.;	Mikoshiba,	S.,	Crucial	role	of	
sustainable	liquid	juncHon	potenHal	for	solar-to-carbon	monoxide	conversion	by	a	photovoltaic	photoelectrochemical	
system.	Rsc	Adv	2015,	5,	54246-54252		

4.6%	to	formate	

2%	to	formate	



INTEGRATED	PEC	CO2RR	SYSTEM	

2.	Integrated	macroscopic	planar	devices	coupled	with	solar	concentrator	

OpHmal	bandgap	combinaHon	for	the	integrated	
system:	1.6	eV/1.0	eV	

James,	B.	D.;	Baum,	G.	N.;	Perez,	J.;	Baum,	K.	N.	Technoeconomic	Analysis	of	Photoelectrochemical	(PEC)	Hydrogen	Produc1on;	Directed	Technologies:	2009		
Haussener,	S.;	Hu,	S.;	Xiang,	C.	X.;	Weber,	A.	Z.;	Lewis,	N.	S.,	SimulaHons	of	the	irradiaHon	and	temperature	dependence	of	the	efficiency	of	tandem	photoelectrochemical	
water-spliong	systems.	Energy	&	Environmental	Science	2013,	6,	(12),	3605-3618		
Chen,	Y.	K.;	Xiang,	C.	X.;	Hu,	S.;	Lewis,	N.	S.,	Modeling	the	Performance	of	an	Integrated	Photoelectrolysis	System	with	10	x	Solar	Concentrators.	Journal	of	the	
Electrochemical	Society	2014,	161,	(10),	F1101-F1110		
	
	
	



WHAT	A	PEC	CO2RR	SYSTEM	MIGHT	LOOK	LIKE?	

Some	inspiraHon	from	PEC	water-spliong	system:	

3.	Vapor	feed	cell	design	

Kumari,	S.;	White,	R.	T.;	Kumar,	B.;	Spurgeon,	J.	M.,	Solar	hydrogen	producHon	from	seawater	vapor	electrolysis.	Energ	Environ	Sci	2016,	9,	1725-1733.	
ModesHno,	M.	A.;	DumorHer,	M.;	Hashemi,	S.	M.	H.;	Haussener,	S.;	Moser,	C.;	PsalHs,	D.,	Vapor-fed	microfluidic	hydrogen	generator.	Lab	Chip	2015,	15,	2287-2296		
Xiang,	C.;	Chen,	Y.;	Lewis,	N.	S.,	Modeling	an	integrated	photoelectrolysis	system	sustained	by	water	vapor.	Energy	&	Environmental	Science	2013,	6,	(12),	3713-3721		
	

Seawater	vapor	electrolysis	at	6%	STH	
conversion	efficiency.	

Various	water	vapor	device	designs	

•  Eliminate	the	use	of	strong	base	and	strong	acid	as	the	system	
input	feedstock.	

•  MiHgate	the	deleterious	effects	associated	with	bubble	
formaHon.	

•  PotenHal	advantage	in	product	separaHon	for	liquid	fuel	
devices	



“BAGGIE”	DESIGN	

Some	inspiraHon	from	PEC	water-spliong	system:	

4.	NanoparHcle-based	“baggie”	design	

James,	B.	D.;	Baum,	G.	N.;	Perez,	J.;	Baum,	K.	N.	Technoeconomic	Analysis	of	Photoelectrochemical	(PEC)	Hydrogen	Produc1on;	Directed	
Technologies:	2009		

Wang,	Q.;	Hisatomi,	T.;	Jia,	Q.	X.;	Tokudome,	H.;	Zhong,	M.;	Wang,	C.	Z.;	Pan,	Z.	H.;	Takata,	T.;	Nakabayashi,	M.;	Shibata,	N.;	Li,	Y.	B.;	
Sharp,	I.	D.;	Kudo,	A.;	Yamada,	T.;	Domen,	K.,	Scalable	water	spliong	on	parHculate	photocatalyst	sheets	with	a	solar-to-hydrogen	
energy	conversion	efficiency	exceeding	1%.	Nat	Mater	2016,	15,	611.		

~1%	STH	conversion	efficiency	



WHAT	A	PEC	CO2RR	SYSTEM	MIGHT	LOOK	LIKE?	

Some	inspiraHon	from	PEC	water-spliong	system:	

5.	Integrated	microwire-based	PEC	devices	

50	μm	

100	μm	

Spurgeon,	J.	M.;	Walter,	M.	G.;	Zhou,	J.	F.;	Kohl,	P.	A.;	Lewis,	N.	S.,	Electrical	conducHvity,	ionic	conducHvity,	opHcal	absorpHon,	
and	gas	separaHon	properHes	of	ionically	conducHve	polymer	membranes	embedded	with	Si	microwire	arrays.	Energ	Environ	Sci	
2011,	4,	1772-1780		

Shaner,	M.	R.;	Fountaine,	K.	T.;	Ardo,	S.;	Coridan,	R.	H.;	Atwater,	H.	A.;	Lewis,	N.	S.,	Photoelectrochemistry	of	core-shell	tandem	
juncHon	n-p(+)-Si/n-WO3	microwire	array	photoelectrodes.	Energ	Environ	Sci	2014,	7,	779-790		

¾’’	x	1	½’’	chips	



O
VERVIEW

	
SUMMARY	

The	system	takes	the	sunlight,	carbon	dioxide	and	water	and	converts	them	into	fuels	and	oxygen.	

Oxygen	evoluHon	reacHon	(OER)	
	
H2O																	½O2	(g)	+	2H+	+	2e-		

CO2	ReducHon	reacHon	(CO2RR)	
	
CO2	+	2e-	+	2	H+															CO	+	H2O	
CO2	+	2e-	+	2	H+															HCOOH	
CO2	+	6e-	+	6	H+															CH3OH	+	H2O	
CO2	+	8e-	+	8	H+															CH4	+	2	H2O	

Key	materials:	
•  Photoabsorber	
•  CO2RR	catalyst	
•  OER	catalyst 	 	

	 		

Key	components:	
•  Reactant	delivery	
•  Ionic	transport	
•  Product	separaHon	

Key	performance	metrics:	
•  Conversion	efficiency	
•  SelecHvity	
•  Stability	
•  Scalability	



The	 Joint	 Center	 for	 ArHficial	 Photosynthesis	 (JCAP)	 is	 the	 naHon’s	 largest	 research	 program	 dedicated	 to	 the	 development	 of	 an	
arHficial	solar-fuel	generaHon	technology.		Established	in	2010	as	a	U.S.	Department	of	Energy	(DOE)	Energy	InnovaHon	Hub,	JCAP	aims	
to	find	a	cost-effecHve	method	to	produce	fuels	using	only	sunlight,	water,	and	carbon-dioxide	as	inputs.	 	JCAP	is	led	by	a	team	from	
the	California	 InsHtute	of	Technology	(Caltech)	and	brings	together	more	than	140	world-class	scienHsts	and	engineers	 from	Caltech	
and	its	lead	partner,	Lawrence	Berkeley	NaHonal	Laboratory.		JCAP	also	draws	on	the	experHse	and	capabiliHes	of	key	partners	from	the	
University	of	California	campuses	at	Irvine	(UCI)	and	San	Diego	(UCSD),	and	the	Stanford	Linear	Accelerator	(SLAC).	 	In	addiHon,	JCAP	
serves	as	a	central	hub	for	other	solar	fuels	research	teams	across	the	United	States,	including	20	DOE	Energy	FronHer	Research	Center. 

For	more	informa1on,	visit	h?p://www.solarfuelshub.org. 

This	report	was	prepared	as	an	account	of	work	sponsored	by	an	agency	of	the	United	States	Government.	 	Neither	the	United	States	Government	nor	any	agency	thereof,	nor	any	of	their	
employees,	makes	any	warranty,	express	or	implied,	or	assumes	any	legal	 liability	or	responsibility	for	the	accuracy,	completeness,	or	usefulness	of	any	informaHon,	apparatus,	product,	or	
process	disclosed,	or	represents	that	its	use	would	not	infringe	privately	owned	rights.	 	Reference	herein	to	any	specific	commercial	product,	process,	or	service	by	trade	name,	trademark,	
manufacturer,	or	otherwise	does	not	necessarily	consHtute	or	imply	its	endorsement,	recommendaHon,	or	favoring	by	the	United	States	Government	or	any	agency	thereof.	 	The	views	and	
opinions	of	authors	expressed	herein	do	not	necessarily	state	or	reflect	those	of	the	United	States	Government	or	any	agency	thereof. 




