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“One	can	convert		
with	high	efficiency		
and	in	a	direct	way		
CO2	and	water		
into	renewable	chemical	
fuels	using	only	solar	
energy”.		

2	The	Alchemist,	in	search	of	the	philosopher’s	stone.	
Painting	by	Joseph	Wright	of	Derby,	1771.	
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SOLAR	ENERGY	QUANTUM	CONVERSION	SCHEMES	AND	THEIR	EFFICIECY	

©N.	S.	Lewis,	Nature	414	(2001)	589	

0.1	–	2	(6)%	 4	–	12	(46)%	

Efficiency	=	the	raSo	of		
the	energy	output		
(electrical	or	chemical)	of		
a	solar	device	to	the		
incident	energy	in	the		
form	of	sunlight	

TEORETICALY		
SAME	AS	PV	
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A	new	world-record	à		22%	conversion	efficiency	for	solar-powered	hydrogen	producSon	
has	been	claimed	by	researchers	from	Australia's	Monash	University.		
(Credit:	Shu`erstock)	

	
Reported	working	efficiencies	of	electrolyzers	are	in	the	range	60-75%	for	alkaline	and	
65–90%	for	PEM.	
[E4tech	Sàrl	with	Element	Energy	Ltd,	Feb.	2014	-	Development	of	water	electrolysis	in	the	European	Union].		



What	we	do		
and		
why	it	is	a	wonder?	
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•  What we want to do and why it is a good 
idea?!

•  Direct conversion of solar energy to fuels is superior to photovoltaics 
(avoids storing electrical energy).!

•  It could be an order of magnitude more efficient than natural 
photosynthesis.!

•  … !

CO2! CH3OH!

1½ O2!

2H2O +     = O2 + 2H2! +!

€ 

hν

Because	it	solves	number	of	problems:	
-  Storage	
-  Efficiency	
-  Emissions	
-  Supply	
-  …	



Main	objecOves	à	to	design	and	develop	a	system	that	captures	solar	light	and	
generates	renewable	chemical	fuels	from	CO2	and	water.	

The	general	reacSon	producing	fuels*	from	sunlight,	water	and	CO2	
follows:	
	
2H2O	+	xhv		-->	O2	+	4H+	+	4	e-	
CO2	+	8H+	+	8e-		-->	CH4	+	2H2O	
CO2	+	6H+	+	6e-		-->	CH3OH	+	H2O	
	
•  the	elements	of	these	routes	can	be	combined	into	ONE	scheme	for	

catalySc	conversion		of	H2O	and	CO2	to	fuels.	
•  	significant	advantage	is	the	possibility	to	have	all	these	complex	

transformaSons	happening	at	the	same	photoelectrode	(cathode).	
•  	the	three	components	of	energy	transformaSon:	light	harvesSng,	

charge	carrier		separaSon	and	catalySc	transformaSon	can	be	
opOmized	using	nano-structured	materials.	
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1.   Light	absorpHon	and		
	charge	carriers	generaHon	

	
2.   e-h	pair	separaHon,		

	transport	and	recombinaHon	
	
3.	 	Chemical	work	

THE	ELEMENTARY	STEPS	of	photocatalysis	

Incoming	radiaHon	

ScaQered	light	

Semiconductor	material	

IniHal	excitaHon	

mean	fre
e	path	
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η = ηA × ηCS × ηCT × ηCC

€ 

ηA −

ηCS −

ηCT −

ηCC −

absorp6on	efficiency	
charge	separa6on	efficiency	
charge	transport	efficiency	
charge	collec6on	efficiency	
	 !!!	The	energy	transfer	is	mediated*	by	charge	carriers	!!!	



NISFD	–	Our	MAIN	SCIENTIFIC	RESEARCH	RESULTS:		
(in	several	topics	and	areas	à	physics,	chemistry,	material-,	nano-	
and	engineering-	science)	
	
	
	
	

1.	Band-gap	engineering	and	sensiSzing	for	opSmal	photon	capture	
2.	Nanofab	and	nanostructures	for	promoSon	of	photocat	reacSon(s)	
3.	Nanofab	for	opSmal	charge	transport	and	suppressed	
recombinaSon	
4.	IncorporaSon	of	metal	co-catalysts	for	water	splirng	
5.	Photo	(electro)	catalySc	CO2	conversion	
6.	Development	of	analyScal	and	theoreScal	methods	
7.	Physical	modeling	and	efficiency	analysis	

November	15	 8	DC-NISFD	



Specific	RESULTS:	
WP1	-	Enhanced	photon	capture	
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(a)  Rate	CH3OHàCO2	producSon		
(b)  Rate	C2H4	conversion		
Note:	normalized	to	the	acSvity	of	single	
TiO2	films;		logarithmic	scale.	

Band-bending	interfaces		Plasmonic	nanoparHcles	

J.	of	Catalysis,	307,	214	(2013)		



Large	bandgap	photocathodes	

300	mV	voltage	improvement!	

Very	substanSal	
stability	
improvement	

Stable	

Unstable	

•  Main	purpose	
•  IdenSfy	cadidate	materials	for	

high-photovoltage	photoelctrodes	
•  High	voltage	are	needed	for	

”difficult”	reacSons	like	CO2	
reducSon	and	oxygen	evoluSon	

•  Main	results	
•  GaP	is	a	candidate	(Eg	=	2.25	eV)	
•  GaP	is	unstable	without	

protecSon	
•  GaP	gives	lousy	voltage	on	its	own	

•  GaP	can	be	made	very	stable	by	
protecSon	with	TiO2	overlayer	

•  The	photovoltage	of	GaP	is	much	
improved	via	a	n-p	heterojuncSon	
between	the	p-GaP	and	the	
protecSon	layer	

•  The	protecSon	layers	found	for	
GaP	have	general	applicability	for	
other	materials	

Main	reference:		Malizia,	Seger,	Chorkendorff	&	Vesborg,	Journal	of	Materials	Chemistry	A,	2,	p.	6847-6853	(2014)	



Specific	RESULTS:	
WP3	Cell	for	photoelectrochemical	reducSon	of	CO2	
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Specific	RESULTS:	
WP4	CalculaSng	of	material	properSes	and	modeling	of		
system	efficiency	and	costs.	
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Calculated	free	energy	for	the	opSmal	mechanism	of	CO2	electroreducSon	at	a	Cu(111)	
surface	and	electron	chemical	potenSal	corresponding	to	-1.3	V	(lower	green	curve)		

Optimal reaction mechanism 

Hussain,	J.,	Jónsson,	H.,	Skúlason,	E.	“The	Mechanism	of	CO2	ElectroreducSon	to	Methane	”	(submi`ed)	



Pt	nanoparHcles	could	be	feasible	as	HER	
catalyst	
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•  1000	ng/cm2	as	good	as	much	higher	
loadings,	200	ng/cm2	almost	as	good.	

	
•  At	10	mA/cm2	&	50	mV	overpotenHal,	only	

100	ng/cm2	needed	⇒ ~54	tons	Pt/1	TWavg	
H2	producHon	capacity		
•  Less than e.g. the annual consumption of 

jewelry industry

	

X	



Specific	RESULTS:	
	
Contacts	with	industry	
•  NorECs	AS	–	Photoelectrodes	and	Solid-state	

photoelectrochemical	H2	generaSon	with	gaseous	reactants;	
•  Carbon	Recycling	InternaSonal,	is	expanding	its	methanol	

producSon	(and	influence);		
•  Stena	Line	operates	the	first	methanol	driven	ferryboat.		
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The	Stena	Germanica,	which	was	inaugurated	
on	the	27th	March,	is	the	first	ferry	to	use	
methanol	as	its	main	fuel.	

h`ps://www.youtube.com/watch?v=oP4U0XDgJF4	



 
	

         

N-I-S-F-D		-	"Nordic	IniOaOve	for	Solar	Fuel	Development"	
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