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ABSTRACT	OF	THE	DISSERTATION	

	

Biophotovoltaic	System	Built	From	Renewable	Carbon:	Integration	of	Graphene	Hybrids	and	the	
Phototrophic	Protein	Bacteriorhodopsin		

	
by	
	

Claudia	M.	Chaves	Villarreal	
	

Doctor	of	Philosophy,	Graduate	Program	in	Materials	Science	and	Engineering	
University	of	California,	Riverside,	December	2018	

Dr.	Ashok	Mulchandani,	Chairperson	
	

Solar	energy	has	 the	highest	potential	of	 the	Earth´s	 renewable	energy	sources.	 Its	 conversion	 into	

electrical	power	to	meet	the	demand	of	our	economy	is	an	ongoing	effort.	The	leading	technology,	silicon,	

and	 the	 emerging	 alternative	 technologies,	 like	 CdTe	 and	 perovskites,	 require	 energy	 intensive	

manufacturing	processes,	 toxic	 chemicals	and/or	non-abundant	minerals	 that	 cause	problems	 thorough	

their	life	cycle	such	as	pollution	and	social	conflicts.	Since	the	negative	impacts	of	PV	technology	are	mainly	

derived	 from	 material	 selection	 and	 manufacturing	 processes,	 new	 advanced	 technology	 that	 uses	

abundant,	renewable	and	biodegradable	materials,	as	well	as	cleaner	fabrication	processes	needs	to	be	

developed	for	the	sustainable	future	of	solar	energy.	Carbon	is	an	abundant	element	that	exhibits	a	broad	

assortment	of	allotropic	forms	and	electrical	behavior,	and	can	make	up	an	infinite	variety	of	 functional	

biomolecules	 when	 combined	 with	 other	 plentiful	

elements.	We	propose	the	combination	of	graphene-ZnO	

hybrids	 with	 a	 phototrophic	 protein,	 bacteriorhodopsin	

(bR),	to	develop	a	bio-sensitized	solar	cell.	The	graphene	is	

used	to	replace	the	tin	oxide	transparent	conductor	in	the	

photanode,	while	the	bR	is	used	to	replace	the	traditional	

synthetic	dyes	that	absorb	the	visible	sunlight.	Two	different	morphologies	and	fabrication	approaches	of	

nano-ZnO	 are	 investigated	 to	 create	 graphene	 heterostructures	 for	 photoanode	 platform:	 commercial	

nanoparticles	and	vertical	nanorods	in	situ	grown	by	electrodeposition.	The	immobilization	of	the	bR	on	the	
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ZnO	and	the	mediator	selection	are	optimized	in	function	of	the	photoelectric	response	of	the	system.	We	

investigate	the	structure,	energy	alignment	and	electrical	behavior	at	the	different	interfaces	of	the	device,	

graphene/ZnO/bR/electrolyte,	 and	 correlate	 them	 to	 processing	 parameters.	 The	 photovoltaic	

performance,	 internal	 resistance	 and	 electron	 kinetics	 of	 the	 cells	 are	 characterized	 by	 photo-

electrochemical	 methods.	 The	 introduction	 of	 heterostructures	 using	 carbon	 nanomaterials	 and	

biomolecules	derived	from	renewable	sources	together	with	low	cost,	non-toxic	semiconductors	constitute	

the	beginning	of	a	new	era	for	sustainable	bio-photovoltaics,	which	is	supported	by	the	latest	advances	in	

genetic	engineering	and	nanotechnology.	This	work	demonstrates	the	viability	of	sustainable	alternatives	

to	replace	traditional	costly	and	harmful	materials	and	provides	a	framework	to	the	design	of	novel	bio-

nanointerfaces	for	future	technological	applications.	

	

RESUMEN	

	

La	energía	solar	presenta	el	mayor	potencial	entre	las	fuentes	de	energía	renovable	en	el	planeta	Tierra.	

Por	ello,	su	conversión	a	energía	eléctrica	para	suplir	 la	demanda	de	nuestra	economía	es	una	esfuerzo	

continuo.	La	tecnología	que	predomina	actualmente,	el	silicio,	y	las	tecnologías	alternativas	emergentes,	

como	el	CdTe	y	 las	perovskitas,	requieren	consumo	intensivo	de	energía,	sustancias	tóxicas	y	materiales	

poco	 abundantes	 para	 su	 manufactura,	 que	 generan	 problemas	 a	 lo	 largo	 de	 su	 ciclo	 de	 vida	 como	

contaminación	y	conflictos	sociales.	Ya	que	los	impactos	negativos	de	la	tecnología	fotovoltaica	se	derivan	

principalmente	 de	 la	 selección	 de	 materiales	 y	 su	 manufactura,	 es	 necesario	 el	 desarrollo	 de	 nuevas	

tecnologías	avanzadas	que	utilicen	materiales	abundantes,	renovables	y	biodegradables,	así	como	procesos	

de	manufactura	más	 limpios	 para	 asegurar	 un	 futuro	 sostenible	 de	 la	 energía	 solar.	 El	 carbono	 es	 un	

elemento	abundante	que	exhibe	una	amplia	diversidad	de	formas	alotrópicas	y	propiedades	eléctricas,	y	

puede	constituir	una	variedad	infinita	de	biomoléculas	funcionales	cuando	se	combina	con	otros	elementos	

abundantes.	En	este	trabajo	se	propone	combinar	materiales	híbridos	de	grafeno	y	ZnO	con	 la	proteína	
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fototrófica	bacteriorhodopsina	(bR)	para	desarrollar	una	celda	solar	bio-sensibilizada.	El	grafeno	reemplaza	

los	conductores	transparentes	tradicionales	basados	en	óxido	de	estaño	y	la	bR	reemplaza	los	colorantes	

sintéticos	tradicionales	que	absorben	la	luz	visible	del	sol.	Se	comparan	dos	morfologías	de	nano-ZnO	que	

se	sintetizan	con	métodos	distintos:	nanopartículas	comerciales	y	nanobarras	por	electrodeposición	in	situ.		

La	 inmobilización	 de	 la	 bR	 en	 el	 ZnO	 y	 el	 diseño	 del	 electrolito	 se	 estudian	 para	 optimizar	 la	 función	

fotoeléctrica	 del	 dispositivo.	 Investigamos	 la	 estructura,	 la	 alineación	 de	 los	 niveles	 energéticos	 y	 el	

comportamiento	eléctrico	en	cada	una	de	 las	 interfaces	de	dispositivo,	grafeno/ZnO/bR/electrolito,	y	se	

correlacionan	a	los	parámetros	del	proceso.	El	desempeño	fotovoltaico,	la	resistencia	interna	y	la	cinética	

de	 las	 cargas	 eléctricas	 de	 los	 dispositivos	 se	 caracterizan	 por	 métodos	 foto-electroquímicos.	 La	

introducción	de	estructuras	compuestas	que	utilizan	nanomateriales	de	carbono	y	biomoléculas	derivadas	

de	recursos	renovables,	así	como	semiconductores	no	tóxicos	de	bajo	costo,	constituye	el	 inicio	de	una	

nueva	 era	 para	 la	 tecnología	 bio-fotovoltaica	 sostenible,	 que	 se	 apoya	 en	 los	 avances	más	 reciente	 en	

ingeniería	genética	y	nanotecnología.Este	trabajo	demuestra	la	viabilidad	de	alternativa	sostenibles	para	

reemplazar	los	materiales	tradicionales	costosos	y	dañinos,	y	provee	un	marco	de	trabajo	para	el	diseño	de	

nuevas	bio-nanointerfaces	para	futuras	aplicaciones.	
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Introduction:		
The	Route	to	Biophotovoltaic	Systems	Using	Renewable	Carbon		

1.1. Impacts	of	Current	Photovoltaic	Technology	on	the	Environment	and	Human	Life		

Environmental	pollution	and	climate	disruption	caused	by	anthropogenic	increase	of	greenhouse	gases	

(GHG)	are	two	challenges	that	threaten	the	stability	of	human	society,	and	have	been	largely	caused	by	

energy	 generation	 since	 the	 industrial	 revolution1.	 Solar	 energy	 is	 the	most	 abundant	 and	 sustainable	

energy	source	for	humanity,	reaching	the	Earth	in	a	reliable	and	distributed	way	at	a	rate	of	~120,000	TW,	

significantly	higher	than	the	current	worldwide	energy	consumption	of	~15	TW-year	2,	3.	Despite	of	the	great	

potential	 of	 photovoltaics	 (PV)	 energy	 generation	 to	 avoid	 GHG	 by	 replacing	 fossil	 fuels,	 current	

technologies	face	many	challenges	and	pose	negative	impacts	to	the	environment	and	human	life.	The	first	

stages	in	the	life	cycle	of	commercial	and	emerging	PV	technologies,	mining,	extraction	and	refining,	are	

especially	problematic,	because	they	are	very	energy	intensive	and	cause	significant	pollution,	for	example,	

from	 the	 use	 of	 2,4,6-Trinitrotoluene	 (TNT),	 a	 toxic	 and	 recalcitrant	 chemical	 considered	 a	 priority	 for	

removal	from	polluted	sites	by	the	US	Environmental	Protection	Agency	4,	5.		

Si	technology,	also	called	first	generation	PV,	continues	to	dominate	the	current	market,	as	illustrated	

in	Figure	1.1	(a).	Si	PV	account	for	94.7%	of	the	global	annual	production	of	2016	in	terms	of	nominal	power,	

whether	 mono-	 or	 polycrystalline,	 and	 in	 very	 small	 percentage	 amorphous6.	 According	 to	 life	 cycle	

assessment,	the	GHG	emissions	from	silicon	PV	technology	are	notably	lower	than	the	use	of	fossil	fuels,	

but	are	still	larger	than	other	renewable	energy	sources	like	wind,	hydroelectric	and	biomass,	as	illustrated	

in	Figure	1.1	(b).	The	time	to	recover	the	total	energy	invested	and	the	GHG	emissions	of	Si	PV	currently	

manufactured	ranges	from	1.5	to	15.5	years,	with	more	than	85%	occupied	by	the	manufacturing	of	the	

cells	and	~40%	corresponding	exclusively	to	solar	grade	silicon	production	7,	8.	The	tenth	position	in	terms	
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of	global	environmental	impact	amongst	all	metallurgical	mining	and	refining	processes	is	occupied	by	Si	9.	

Older	Si	PV	manufacturing	technologies	and	scale	resulted	in	even	lower	energy	usage	efficiency.	For	the	

above	reasons,	the	global	PV	installations	made	for	last	40	years	are	barely	starting	to	avoid	GHG	emissions	

today,	as	they	have	been	mostly	paying	back	for	the	emissions	caused	by	their	manufacturing	during	all	

these	years10.	

	
Figure	1.1. 	(a)	Percentage	of	Global	Annual	PV	Production	by	Technology	(ISE)6.	(b)	Comparison	of	life	cycle	GHG	
emissions	of	various	power	sources.	PV	life-cycle	assessment	done	with	average	data	of	state-of-the-art	crystalline	

Si	systems	produced	and	installed	in	China	7,	Reprinted	from	Applied	Energy,	Vol	164,	Hou,	G	et	al.,	Life	cycle	
assessment	of	grid-connected	photovoltaic	power	generation	from	crystalline	silicon	solar	modules	in	China,	882-

890,	Copyright	2016,	with	permission	from	Elsevier		

Thin	film	PV	technology,	also	known	as	second	generation	PV,	accounts	for	the	remaining	5.3%	annual	

production,	 comprised	 by	 Cd-Te	 and	 CI(G)S6.	 A	 wide	 variety	 of	 emergent	 PV	 technologies,	 i.e.	 third	

generation	PV,	are	being	investigated,	including	organic,	multi-junction	and	sensitized	solar	cells.	Mining	of	

heavy	metals	like	Cu,	Sn,	Pb,	Te,	Ru	and	Cd	used	in	second	and	third	generation	PV	causes	pollution	of	water	

and	 soil,	 increasing	 the	 health	 risks	 of	workers	 and	 the	 exposure	 of	 surrounding	 communities	 to	 toxic	

compounds,	 for	example	by	consumption	of	edible	plants	11-13.	Trace	metals	from	historical	mining	sites	

have	been	demonstrated	to	remain	bioavailable	even	centuries	after	their	emission	14.	Furthermore,	these	

activities	are	in	many	cases	linked	to	social	problems	and	political	conflicts	in	areas	where	they	are	held,	

such	as	the	financing	of	terrorist	groups	 in	Democratic	Republic	of	Congo	15.	A	special	mention	must	be	

given	to	perovskites	which	appeared	only	a	couple	of	years	ago	and	have	experienced	the	fastest	power	

(a)	 (b)	
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conversion	efficiency	 (PCE)	 improvement	 in	 the	 last	years	 16,	17.	However,	perovskites	have	 raised	much	

controversy	due	to	the	presence	of	lead,	a	heavy	metal	pollutant	for	which	many	efforts	have	been	directed	

to	eliminate	from	consumer	products18.		

Another	 concerning	 aspect	 of	 PV	 cells	 containing	 heavy	 metals,	 petrochemicals,	 toxic	 or	 non-

biodegradable	compounds	is	their	release	to	the	environment	as	hazardous	waste	once	the	device	reaches	

the	 end	 of	 its	 life	 cycle.	 Because	 of	 their	 extended	 lifetime	 and	 relative	 recent	 incorporation	 of	 the	

technology	 to	 the	market,	PV	waste	has	not	become	a	 significant	 component	of	 the	waste	 stream	yet.	

However,	their	destiny	as	electronic	waste	(e-waste)	is	very	discouraging.	Most	e-waste	produced	in	the	US	

is	 currently	 being	 shipped	 illegally	 to	 developing	 regions	 of	 Asia	 and	 Africa	 where	 the	 technology	 for	

properly	managing	their	hazardous	compounds	does	not	exist.	As	a	result,	waste	mining	for	valuable	metals	

like	gold	results	in	an	alarming	pollution	and	health	issues	in	those	regions.		

Considering	that	the	negative	impacts	of	PV	technology	are	mainly	derived	from	material	selection	and	

manufacturing	processes,	new	advanced	technology	that	uses	abundant,	renewable	and	biodegradable	

materials,	as	well	as	cleaner	processing	needs	to	be	developed	for	the	sustainable	future	of	solar	energy	

conversion.	

	

1.2. Sensitized	Solar	Cells	and	the	Promise	of	Greener	and	Affordable	Photovoltaics	

During	 the	 years	 between	 of	 1968-1990,	 much	 interest	 was	 payed	 to	 the	 development	 of	

photoelectrochemical	 cells,	 composed	 of	 a	 semiconducting	 photoanode	 and	 a	metal	 counter	 electrode	

connected	 via	 a	 solution	 of	 redox	 system	 and	 supporting	 electrolyte.	 The	 development	 of	

photoelectrochemical	cells	was	triggered	by	the	discovery	of	the	Honda-Fujishima	effect,	i.e.	water	splitting	

on	 the	 surface	 of	 illuminated	 TiO2
19.	 Sensitization,	 i.e	 the	 use	 of	 photoactive	molecules	 to	 expand	 the	

absorbance	range	of	semiconductors	like	TiO2,	ZnO	and	CdS,	was	studied	in	fully	aqueous	electrolytes	during	

that	 time20-22.	 The	 introduction	 of	 high	 surface	 area-electrodes	 using	 sintered	 ZnO	 powders23	 and	
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carboxylated	bipyridine	complex	of	Ru(II)	as	a	 sensitizer24	 lead	 to	PCE	 improvements	 in	 these	cells.	 The	

sensitized	solar	cell	(SC)	as	a	third	generation	PV	technology	we	know	today	is	attributed	to	the	report	of	

Grätzel	 in	199125.	Their	milestone	PCE	of	12%	was	achieved	by	using	a	ruthenium	tris(bipyridine)	dye	as	

sensitizer	 and	 aprotic	 organic	 solvents	 with	 I-/I3
-	 redox	 mediator	 in	 the	 electrolyte.	 Because	 the	 first	

sensitizers	used	were	dyes,	the	common	term	dye-sensitized	solar	cell	(DSC)	was	initially	coined.		

The	SC	structure	is	illustrated	in	Figure	1.2(a).	The	photoanode,	on	which	we	will	center	our	attention,	

is	based	on	a	 sensitizer,	 immobilized	on	 the	 surface	of	 a	nanostructured	wide-bandgap	 semiconductor,	

usually	TiO2	or	ZnO	nanoparticles	(NPs),	spread	on	a	transparent	conductor	(TC)	such	as	fluorine-doped	tin	

oxide	(FTO).	The	limited	solar	spectrum	range	that	ZnO	or	TiO2	absorbs	in	the	UV	is	expanded	by	sensitizing	

the	photoanodes	with	photoactive	materials	that	absorb	in	the	visible	range	of	the	sun	spectrum,	such	as	

organic	 and	 metalorganic	 dyes	 26	 quantum	 dots	 27,	 plasmonic	 nanoparticles	 28,	 perovskites	 17,	 29	 and	

photosynthetic	biomolecules	30,	31.	The	sensitizer	absorbs	light	and	its	electrons	are	excited	from	the	highest	

occupied	molecular	orbital	(HOMO)	into	its	lowest	unoccupied	molecular	orbital	(LUMO),	as	illustrated	in	

the	energy	level	diagram	in	Fig.1.2(b).	From	there,	the	electron	is	injected	into	the	conduction	band	of	the	

semiconductor	and	 finally	 transferred	 into	 the	TC.	The	sensitizer	 is	 regenerated	by	 the	oxidation	of	 the	

redox	mediator	in	the	electrolyte,	such	as	the	I-/I3
-	pair,	and	the	charge	transfer	cycle	is	completed	with	the	

mediator	reduction	in	the	counter	electrode.	The	maximum	open	circuit	voltage	is	the	difference	between	

the	Fermi	level	of	the	semiconductor	and	the	redox	potential	of	the	mediator.	The	PCE	of	the	device	relies	

critically	 on	 the	 kinetic	 competition	 of	 the	 forward	 processes	 (green	 arrows	 in	 Figure	 1.2(a))	 and	 the	

recombination	reactions	(red	arrows	in	Figure	1.2(a)),	since	both	paths	are	thermodynamically	allowed	for	

the	charges.	To	date,	the	highest	PCE	achieved	in	DSC	has	been	13%	26.		
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Figure	1.2. (a)	Schematics	of	a	SC	(b)	energy	levels	in	the	SC	

Some	of	the	advantages	of	SCs	are	that	they	have	good	performance	under	diffuse	light	conditions32,	

they	can	be	made	flexible	for	portable	and	rollable	applications33	and	transparent	to	be	used	as	windows	

in	buildings34.	Most	importantly,	their	manufacturing	consumes	significant	lower	energy	than	Si	PV,	which	

results	in	reduction	of	cost	and	GHG	emissions.	The	semiconductor	is	an	oxide	that	does	not	need	to	be	

reduced	or	to	have	high	crystallinity,	and	it	is	deposited	using	well-known	thick	film	techniques,	like	spraying	

and	screen-printing.	Second	generation	PV	technologies	have	production	costs	below	$1/Wpeak,	therefore,	

emerging	technologies	need	to	aim	at	production	costs	below	$0.5/Wpeak	to	be	competitive	for	large-scale	

electricity	production,	a	milestone	that	SC	technology	has	the	potential	to	achieve	35,	36.	As	 illustrated	in	

Fig.1.3,	DSSCs	have	one	of	the	lowest	average	GHG	emissions	amongst	PV	technologies,	outranked	only	by	

CdTe	technology37,	which	has	drawbacks	as	it	is	composed	by	Cd,	one	of	the	heavy	metals	with	the	highest	

toxicity,	environment	mobility	and	bioconcentration	factor38,	39.		
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Figure	1.3. GHG	emissions	from	PV	electricity	generation	systems	by	Kommalapati,	R.	is	licensed	under	CC	BY	2.0	
CC	by	4.0	37	

Some	improvements	to	make	SCs	cheaper,	safer	and	more	sustainable	are:	replacement	of	tin	oxides	

as	TCs40,	replacement	of	volatile	organic	solvents	with	aqueous	electrolytes41,	elimination	of	toxic	chemicals	

in	the	electrolyte42,	43,	replacement	of	Pt	as	counter	electrode	catalyst44,	use	of	green	synthesis	method	for	

the	nanostructured	semiconductor	45,	46,	application	of	non-toxic	sealants	47	and	the	use	of	abundant	metals	

for	contacts	48.	

	

1.3. Graphene	Hybrids	as	Functional	Components	for	Sustainable	Sensitized	Solar	Cells	

Graphene	is	a	flexible	thin	layer	of	sp2	hybridized	carbon	that	could	be	synthesized	from	a	variety	of	

organic	 materials	 and	 wastes	 sources	 such	 as	 methane	 and	 biomass49,	 50,	 and,	 even	 though	 its	 mass	

production	is	still	relatively	costly,	it	is	expected	to	drop	in	the	near	future	51.	The	use	of	graphene	can	help	

in	 fixing	 GHGs	 from	 the	 atmosphere,	 such	 as	 methane,	 into	 long	 lasting	 solid	 state.	 It	 is	 a	 promising	

alternative	to	make	more	affordable	and	environmentally	friendly	technologies	while	meeting	industry’s	

needs	 of	 advanced	 electronic	 materials.	 Graphene,	 graphene	 oxide	 (GO)	 and	 its	 reduced	 form	 (rGO)	

hybridized	with	semiconductor	NPs	and	quantum	dots	(QDs),	carbon	nanotubes	(CNTs)	and	metal	NPs	can	

play	distinct	roles	in	SCs.	Table	1.1	summarizes	the	performance	of	different	SCs	incorporating	graphene	

reported	in	literature.	
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Table	1.1. Summary	of	SCs	performance	using	graphene	hybrids	

Electrode	with	graphene	hybrid	 Jsc	(mA/cm2)	 Voc	(V)	 FF	(%)	 PCE	(%)	 Reference	

PA:	N719/	TiO2/graphene	 7.8	 0.63	 40	 2.0	
52	

PA:	N719/	TiO2/graphene-Pt	grid	 2.9	 0.43	 32	 0.4	
53	

PA:	N3/TiO2/rGO	 1.0	 0.70	 36	 0.3	
54	

PA:	N719/TiO2-GO/FTO	 13.1	 0.77	 71	 7.3	
55	

PA:	N3/TiO2-rGO/FTO	 16.3	 0.69	 NA	 7.0	
56	

PA:	N719/	TiO2-graphene	nanofibers/FTO	 16.2	 0.71	 66	 7.6	
57	

PA:	Graphene	QD/TiO2/FTO	 0.2	 0.48	 58	 NA	 58	
PA:	ZnO-graphene	QD/Cs2CO3/Al	 0.2	 0.99	 24	 2.3	 59	
PA:	(TNS-rGO-CdS	QD)10/FTO	 0.9	 1.00*	 41	 0.4	 60	
PA:	MWCNT-rGO-TiO2/FTO	 11.3	 0.78	 70	 6.1	 61	
EL:	Graphene-SWCNTs-ionic	liquid	 7.3	 0.59	 44	 2.5	

62	
CE:		CuInS2-rGO/FTO	 16.6	 0.74	 51	 6.2	

63	
CE:	Cu2S-rGO-PVA	binder/FTO	 18.4	 0.52	 46	 4.4	

64	
CE:	SWCNT-rGO/FTO	 12.8	 0.90	 76	 8.4	

65	
CE:	MWCNT-rGO/FTO	 16.1	 0.75	 63	 7.6	

66	
CE:	TiN-rGO-CNT/FTO	 14.0	 0.64	 46	 4.1	

67	
CE:	rGO-CNT/FTO	 11.4	 0.77	 53	 4.7	

68	
CE:	rGO-CNT/FTO	 15.2	 0.68	 51	 5.3	

69	
CE:	CNT-rGO/graphite	paper	 12.9	 0.78	 61	 6.2	 70	
CE:	rGOnanoribbons-CNT/FTO	 16.7	 0.73	 67	 8.2	 71	
CE:	VACNT-graphene	paper	 14.2	 0.68	 62	 6.1	 72	
CE:	Pt	NPs/graphene	nanosheets/FTO	 18.2	 0.72	 65	 8.5	 73	
CE:	graphene	nanoplateletes-Pt	NPs/FTO	 14.3	 0.73	 62	 6.5	 74	

PA:	Photoanode,	CE:	Counter	electrode,	EL:	Electrolyte	
Jsc:	Short	circuit	current	density,	Voc:	Open	circuit	voltage,	FF:	Fill	factor,	PCE:	Power	conversion	efficiency	

*V	vs	Ag/AgCl	
	Due	 to	 graphene´s	 superior	 optoelectronic	 properties,	 it	 can	 be	 used	 as	 TC	 in	 the	 photoanode	 to	

substitute	tin	oxides	and	overcome	their	disadvantages,	such	as	high	cost,	environmental	impact,	and	low	

transmittance	in	the	UV	and	near-infrared	range	75.	Reports	of	TiO2	DSCs	incorporating	CVD-graphene	and	

rGO	as	TC	demonstrate	its	feasibility	for	fabricating	tin-oxide	free	photoanodes,	although,	equal	or	better	

TC	 performance	 of	 graphene	 compared	 to	 tin	 oxides	 has	 not	 been	 demonstrated	 yet	 52-54.	 Hybrids	 of	

graphene	and	semiconductor	NPs	have	been	used	in	the	photoanode,	where	graphene	acts	as	electrical	

bridge	for	faster	extraction	of	photoinduced	electrons	and	recombination	supression.	In	a	stacked	structure	

of	titania	nanosheets,	rGO	and	CdS	QD,	graphene	provided	additional	paths	for	electrons	to	be	collected	in	

the	photoanode	and	a	faster	hole	transport	to	the	electrolyte60,	76.	Graphene	also	 increases	porosity	 for	

improved	 light	 scattering,	 with	 just	 0.6%	 weight	 load	 of	 rGO	 providing	 the	 best	 PCE56,	 57.	 Combining	
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graphene	and	CNT	reduces	aggregation	between	graphene	sheets	for	increased	dye	adsorption	and	lower	

recombination	61.	Graphene	QDs	display	semiconductor	properties,	electrons	can	be	photoexcitated	from	

the	 HOMO	 to	 the	 LUMO,	 therefore,	 they	 can	 be	 applied	 as	 sensitizers	 in	 the	 photoanode.	 In	 a	 DSC	

incorporating	ZnO/graphene	quasi-core-shell	QDs,	the	excited	electrons	in	the	conduction	band	of	ZnO	are	

rapidly	transferred	into	graphene’s	LUMO,	quickly	making	ZnO	available	for	new	photoelectric	events	59.		

Graphene	can	also	be	part	of	the	electrolyte	and	counter	electrode	to	improve	redox	activity	and	act	

as	electrical	bridge,	as	it	does	in	the	photoanode.	The	combination	of	graphene	and	CNT	with	ionic	liquids	

in	a	quasi-solid	state	electrolyte	increased	the	PCE	of	the	cell	from	0.16	up	to	2.5%,	because	the	carbon	

nanomaterials	 act	 as	 charge	 transporters	 in	 the	 ionic	 liquid	 and	 as	 catalysts	 for	 the	 electrochemical	

reduction	of	 I3-	62.	Graphene/semiconductor	hybrids,	such	as	graphene-CuInS2	and	rGO/Cu2S,	are	feasible	

substitutes	 for	 Pt	 in	 the	 counter	 electrode.	 Graphene’s	 large	 surface	 area	 promotes	 stabilization	 and	

dispersion	of	nanoparticles,	provides	high	number	of	reactive	sites	for	capturing	electrons	from	the	redox	

mediator,	and	rapidly	shuttles	electrons	across	 the	counter	electrode	 interfaces.	Graphene	hybrids	may	

exhibit	higher	photocatalytic	activity	than	Pt	towards	certain	mediators	like	polysulfide	63,	64,	77.	Graphene-

CNT	incorporation	in	the	counter	electrode	demonstrated	that	CNTs	bridged	gaps	between	graphene	flakes,	

improved	the	electrical	conductivity	and	provided	good	catalytic	and	electrical	properties,	yielding	PCE	that	

are	competitive	with	Pt,	with	lower	cost	and	better	mechanical	flexibility70-72.	In	graphene-Pt	hybrids	the	

graphene	can	act	as	an	electrical	contact	between	Pt	and	FTO	or	as	a	co-catalyst74,	78.	The	use	of	Ni	NPs	

anchored	on	graphene	provided	a	Pt-free	counter	electrode	with	a	higher	PCE	than	Pt	79.		

The	 diversity,	 versatility	 and	 performance	 of	 graphene	 variants	 provides	 a	 promising	 future	 for	 its	

application	 in	 DSCs.	 Recently,	 a	 semitransparent	 and	 flexible	 solar	 cell	 fabricated	 with	 all-graphene	

electrodes	was	reported	80.	The	use	of	graphene	hybrids	in	DSCs	can	result	in	reduced	manufacturing	costs	

and	 increased	 sustainability	 for	 up-scaling	 of	 SC	 technology,	while	 opening	 possibilities	 for	 light-weight	

flexible	devices.		
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1.4. Natural	Phototropic	Systems	as	Bio-Sensitizers		

	The	Earth’s	solar-based	ecosystem	has	a	3-billion-year	record	of	success.	Two	types	of	phototrophic	

systems	are	responsible	for	harvesting	the	solar	energy	for	almost	all	life	on	Earth:	(1)	light-induced	charge	

separation	 followed	by	 electron	 transport	 chains,	 used	 in	photosynthesis,	 and	 (2)	 photo-isomerization,	

used	 in	 proton	 pumping.	 Both	 phototropic	 mechanisms	 occur	 in	 membranes	 across	 which	 an	

electrochemical	gradient	is	established	and	ultimately	drives	ATP	synthesis,	photosynthesis	occurring	in	the	

thylakoid,	and	proton	pumping	in	the	cell	membrane.	However,	the	PCE	of	photosynthesis	come	within	a	

factor	 of	 2	 or	 3	 of	 the	 photovoltaic	 benchmark,	 mainly	 because	 the	 driving	 force	 of	 evolution	 is	

reproduction,	and	not	maximum	PCE81.	Scientists	have	been	discussing	the	coupling	of	natural	phototropic	

systems	with	electrodes	via	redox	mediators	as	an	strategy	to	surpass	their	low	PCE	as	far	back	as	197482.	

The	fabrication	of	biophotoelectrochemical	devices	using	phototrophic	biosytems	is	a	more	environmental	

route	than	merely	mimicking	them	in	fully-artificial	devices,	but	 it	 is	also	more	challenging,	due	to	their	

complexity	and	instability	outside	of	the	organism83.	Biophotoelectrochemical	cells	consist	on	the	natural	

chromophore	immobilized	on	a	photoanode,	connected	to	a	cathode	via	an	electrolyte	solution,	and	their	

development	has	been	examined	in	several	reviews	84-87.	Diffusional	electron	transfer	mediators	dissolved	

in	the	electrolyte	are	used	for	most	biophotoelectrochemical	cells,	but	the	mediator	can	also	be	fixed	on	

the	electrode	88,	89.	The	photoanode	platform	can	be	the	TC	itself,	or	the	TC	coated	with	a	wide-bandgap	

semiconductor	for	a	SC	configuration,	and	the	power	generation	mechanism	is	slightly	different	for	each.	

Biosystems	are	a	biocompatible,	biodegradable,	non-toxic	and	environmentally	friendly	alternative	to	the	

expensive	synthetic	dyes	used	in	SCs.		

Extensive	research	has	been	devoted	to	device	 integration	of	chromophores	from	photosynthesis90.	

The	reaction	center	of	oxygenic	photosynthetic	systems	 from	Plantae	and	cyanobacteria,	photosystems	

(PS)	I89	and	II	91-96,	have	been	integrated	in	photoelectrochemical	devices,	whether	as	a	whole	or	some	parts	

of	them.	The	use	of	chlorophyll	a	in	SC	was	first	reported	by	Gratzel	in	1993	97	and	derivatives	of	it	were	
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later	used	to	improve	its	attachment	to	the	TiO2	substrate
98,	99.	The	entire	chloroplasts100	and	thylakoid101,	

102,	 as	 well	 as	 accessory	 pigments	 like	 chlorophyll	 b	 and	 c103,	 carotenoids104,	 105,	 anthocyanins106-108,	

curcuminoids106	and	xanthophylls109	have	been	reported	as	photoactive	components	and	co-sensitizers	in	

photoelectrochemical	 cells.	 The	 integration	 of	 the	 reaction	 center	 from	 anoxygenic	 photosynthetic	

systems	in	devices	has	been	widely	explored	too	110,	including	a	device	with	the	capacity	of	autonomous	

regeneration	 capacity111.	 Bacteriochlorophyll	 	 from	purple	 sulfur	bacteria	 is	 of	 great	 interest	 because	 it	

absorbs	 further	 into	 the	 near	 infrared	 spectrum	 compared	 to	 oxygenic	 chlorophyll112.	 Performance	

improvement	has	been	demonstrated	by	immobilizing	redox	mediators	like	cytochrome	c	and	quinone	on	

the	bacteriochlorophyll	electrode	113,	114.	Several	kinds	of	active	photosynthetic	microorganisms	have	been	

incorporated	 in	photosynthetic	microbial	 fuel	 cells115,	 like	 cyanobacteria116-118,	 purple	 sulfur	 bacteria119	

green	 algae120-122	 and	 plants	 123,	 124,	 with	 advantages	 like	 self-repair,	 improved	 stability,	 less	 laborious	

purification	processes	and	power	generation	in	dark	and	in	light.	In	complete	bioelectrochemical	cells,	the	

products	of	the	bio-photoanode	are	consumed	in	a	bio-cathode	functionalized,	for	example,	with	proteins	

that	 reduce	oxygen	 like	 bilirubin	 oxidase	 88,	 125	 or	 protons	 like	 hydrogenase126,	 as	well	 as	 heterotrophic	

microorganisms127.	The	internal	quantum	efficiency	of	charge	separation	in	photosynthesis	is	~100%	and	

the	charge	carrier	recombination	time	is	>10˗1	for	PSII	stacked	membrane	converter,	much	more	efficient	

and	with	long-lasting	excited	states	than	<10˗3		for	Si	PV.	Furthermore,	carbon	dioxide	can	be	stripped	off	

from	the	atmosphere	in	bio-electrochemical	cells	that	produce	carbohydrates	128.	Despite	of	high	yield	of	

primary	 charge	 separation	 and	 relative	 high	 potential	 in	 biophotoelectrochemical	 cells	 based	 on	

photosynthetic	systems	(~0.21V110),	their	PCE	remains	low	(~0.002	%110)	due	to	low	photocurrent	outputs.	

The	photo-isomerization	used	by	Archaea	is	a	rather	rare	phototropic	mechanism	in	nature,	and	has	

received	less	attention	for	device	integration.	It	is	evolutionarily	younger	than	photosynthesis,	and	quite	

different,	 as	 it	 does	 not	 result	 in	 carbohydrate	 synthesis	 but	 direct	 proton	 pumping129.	 Amongst	 light-

activated	proton	pumps	studied	 in	photoelectric	devices,	bacteriorhodopsin	 (bR),	 the	 retinal-containing	
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protein	from	Halobacteria,	stands	as	the	most	explored	to	date.	It	has	advantages	over	photosynthethic	

systems	in	terms	of	long	term	stability	against	thermal,	chemical,	and	photochemical	degradation	and	its	

large-scale	production	 is	 relatively	 easy	 and	 cost-effective130,	 131.	 Its	 integration	 in	 synthetic	 devices	has	

been	attempted	in	multiple	ways,	but	the	highest	efficient	PCE	has	been	obtained	when	bR	is	incorporated	

in	photoelectrochemical	cells,	rather	than	in	thin	film	solid-state	devices.	The	photovoltage	of	solid–state	

devices	 of	 bR	 films	 packed	 between	 electrodes	 is	 in	 the	 order	 of	 10-1-101	V	 132,	 although	 some	 studies	

reported	photovoltages	as	high	as	300mV	133.	However,	the	poor	conductivity	of	BR	in	solid	state	(10-7	S/cm)	

134	results	in	low	PCE	with	photocurrents	in	the	order	of	nA	and	pA		135.	The	BR	photocycle	seems	to	occur	

faster	in	aqueous	media	than	solid,	for	example,	it	has	been	found	10-20	times	faster	cycle	in	suspension	

than	 in	 a	 polymer	 matrix136.	 bR	 photoelectrochemical	 devices	 initially	 were	 developed	 following	 the	

membrane	 physiology	 of	 the	 organisms,	 where	 porous	membranes	 separate	 two	 chambers	 containing	

aqueous	solutions,	and	the	bR	is	whether	fixed	in	the	membrane	137,	138	or	suspended	in	one	of	the	chambers	

139.	The	addition	of	plasmonic	Ag	NPs	to	such	membrane-separated	photoelectrochemical	cells	resulted	in	

faster	BR	cycle	and	improved	photocurrent140,	however,	their	PCE	still	remains	low.	

Recently,	the	concept	of	bR-sensitized	solar	cells	(bR-SCs)	have	gained	more	attention,	as	this	protein	

complies	 with	 the	 technical	 requirements	 for	 a	 sensitizer	 of	 good	 stability	 and	 extended	 excited	 state	

lifetime	141.	The	first	TiO2	bR-SC	was	reported	in	2009,	a	design	based	on	the	energy	alignment	of	the	bR	

LUMO	with	the	CB	of	TiO2,	and	the	HOMO	with	the	redox	potential	of	the	I-/I3
-	pair.	The	wild	type	protein	

was	compared	to	a	mutant	variant	designed	promote	binding	to	the	TiO2	and	favor	electron	transfer,	from	

which	the	mutant	bR-SC	had	a	better	performance,	but	it	was	also	less	chemically	and	thermally	stable	than	

the	wild	type30.	bR	sensitized	photoanodes	have	been	studied	to	produce	solar	H2	and	shown	photocurrents	

significantly	higher	than	previous	studies	142,	143.	Several	variables	to	 improve	the	cell	performance	have	

been	studied	 like	the	treatment	of	the	TiO2	with	TiCl4	to	 increase	the	porosity	of	the	NPs	
144,	 the	use	of	

nanofiber	scattering	layer	to	enhance	the	optical	path	length,	the	time	and	temperatures	of	bR	incubation	
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on	 TiO2	
145,	 the	 combination	 of	 BR	 and	 the	 bacterioruberin	 pigment	 from	 the	 same	 organism	 146,	 the	

immobilization	of	BR	by	Langmuir-Blodgett	method	on	ZnO	NP	147,	comparison	of	TiO2	NPs	and	nanotubes	

148	and	the	substitution	of	liquid	triiodide	redox	electrolyte	by	gel	electrolyte	149.	The	bR-SC	with	the	highest	

PCE	 of	 0.49%149	 and	 stability	 for	more	 than	 3	months145	 	 demonstrates	 that	 bR	 can	 yield	 performance	

comparable	to	synthetic	dyes	when	the	platform	is	properly	designed.		

The	bR-SC	power	generation	mechanism	is	based	on	the	heterojunction	between	the	donor	(bR)	and	the	

acceptor	 (ZnO,	 TiO2),	 a	 mechanism	 different	 than	 the	 proton	 pumping	 that	 takes	 place	 in	 the	 native	

organism,	 and	 yet	 has	 provided	 the	 highest	 PCE	 amongst	 the	 different	 device	 configurations.	 The	

electrochemical	gradient	generated	by	bR	in	the	living	bacteria	is	only	200mV	150,	while	values	up	to	670mV	

were	 obtained	 in	 bR-SC149,	 demonstrating	 how	 rational	 design	 can	 expand	 the	 natural	 capabilities	 of	

biosystems.	 A	 proposed	 advance	 is	 the	 combination	 of	 bR	 with	 QDs	 to	 improve	 cell	 performance151.	

However,	 few	 reports	of	 bR	as	 sensitizer	 in	 SCs	have	been	published	 to	date,	 compared	 to	dyes	 and	

photosynthetic	 chromophores.	 More	 research	 is	 needed	 to	 overcome	 the	 low	 PCE	 of	 bR-SCs,	 and	

biophotoelectrochemical	cells	in	general,	a	technology	that	is	still	primitive.		

Biophotoelectrochemical	cells	produce	photovoltage	of	several	hundred	millivolts,	 therefore	their	 low	

PCE	is	mostly	a	result	of	limited	photocurrent,	ascribed	to	different	factors.	The	first	factor	is	poor	electrical	

connection	of	the	bio-cromophores	with	the	electrode,	as	the	electron	donating	group	is	commonly	deeply	

buried	 in	 the	biomolecules,	and	biological	materials	display	 low	conductivity.	Furthermore,	 the	electron	

transport	pathway	is	vectorial	in	phototropic	systems,	therefore	proper	orientation	is	key	for	their	efficient	

functioning.	The	use	of	electrical	nanowires152	and	controlling	orientation,	for	example	with	polyhistidine	

tags	and	Ni+-NTA	system153,	helps	to	solve	this	problem.	The	second	factor	 is	 the	 low	surface	density	of	

photoactive	 molecules,	 which	 can	 be	 improved	 by	 increasing	 the	 surface	 area	 of	 the	 electrode	 by	

roughening	the	surface,	creating	molecular	multilayers	and	matching	the	size	of	the	molecules	to	the	pore	

size	of	the	nanostructured	electrode.	The	third	factor	is	the	energy	mismatch	of	the	elements	in	the	cell.	
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Scientists	endorse	the	low	efficiency	of	natural	photosynthesis	processes	to	the	mismatch	of	photochemical	

processes	with	redox	cofactors,	a	legacy	biochemistry	inherited	from	non-phototrophic	organism154.	Proper	

selection	of	elements	and	characterization	of	their	electronic	structure	is	necessary,	as	well	as	doping	and	

addition	of	components	to	create	energy	cascade	structures.	The	fourth	factor	is	kinetic	competition	with	

charge	recombination	processes,	for	which	the	community	has	been	paying	more	attention	to	the	proton-

coupled	electron	transfer	processes	that	takes	place	 in	photosynthesis	to	extend	the	 lifetime	of	charge-

separated	 states155,	 156.	 Even	 though	 the	 link	 between	 redox	 processes	 and	 transmembrane	 proton	

gradients	 is	 the	 unifying	 concept	 in	 bioenergetics,	 it	 has	 been	 mostly	 disregarded	 in	 the	 design	 of	

biophotovoltaics.	The	activation	energy	of	redox	reactions	or	proton-couple	electron	transfer	processes	has	

also	been	proposed	as	the	possible	cause	for	low	potocurrents,	which	could	be	solved	by	modification	of	

redox	mediators	or	electrode	surface156.	bR	is	a	robust	well-known	system	to	investigate	solutions	to	these	

limitations	and	establish	a	molecular	basis	for	future	progress	in	the	field	of	biophotovoltaics.	

1.5. The	Concept	of	a	Biophotovoltaic	Cell	Built	from	Renewable	Carbon	

We	propose	the	 integration	of	photoactive	biomolecules	with	carbonaceous	materials	derived	from	

renewable	sources	as	energy	generation	scheme	with	lower	impacts	on	the	environment	and	human	health	

than	current	PV	 technologies.	This	novel	PV	device	concept	 is	based	on	a	bio-sensitized	 solar	 cell	 (BSC)	

configuration,	as	illustrated	in	Figure	1.4.	Carbon	is	an	abundant	element	that	exhibits	a	broad	assortment	

of	allotropic	forms	and	electrical	behavior,	and	it	can	make	up	an	infinite	variety	of	functional	biomolecules	

when	combined	with	other	plentiful	elements,	like	oxygen	and	hydrogen.	Therefore,	carbon	can	play	many	

distinct	functions	in	the	BSC.	The	photoanode	and	counter	electrode	of	such	BSC	would	incorporate	carbon	

nanomaterials	and	biomolecules	derived	from	biological	sources,	such	as	graphene	as	TC,	bR	as	sensitizer,	

and	graphene-CNT	hybrid	as	counter	electrode.	
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Figure	1.4. Conceptual	diagram	of	a	biophotovoltaic	cell	built	from	renewable	carbon.	Bacteriorhodopsin	images	
adapted	from	online	sources	157-159	

The	 electrolyte	 of	 a	 sustainable	 BSC	 should	 be	 aqueous,	 for	 which	 the	 performance	 has	 been	

demonstrated	 to	 improve	 with	 the	 presence	 of	 gelling	 agents41.	 Example	 of	 renewable	 carbon–based	

hydrogels	are	cellulose	derivatives160,	including	nanocellulose161,	162.	The	mediator	of	the	electrolyte	can	be	

of	biological	origin	too.	The	electron	shuttles	used	by	living	organisms	are	sulfur,	carbon	rings	and	metals.	

The	 chemistry	 of	 the	 thiol	 group	 for	 SCs	 has	 been	 highlighted	 in	 literature,	 with	 redox	 pairs	 such	 as	

cysteine/cysteine163	 or	 disulfide/thiolate164.	 Quinones	 and	 metalloproteins,	 like	 the	 Fe-containing	

cytochrome	c,	have	been	reported	as	mediators	for	SCs,	inspired	on	the	proton-coupled	electron	transfer	

paths	in	photosynthesis	165-168.	

Understanding	the	energy	transduction	and	interfacial	electrical	transport	in	the	device	proposed	here	

is	 relevant	 not	 only	 for	 this	 biophotovoltaics,	 but	 for	 advancement	 of	 sustainable	 bioelectronics	 and	

biophotonics	in	general.	In	the	assessment	of	energy	generation	technology	for	the	future,	it	is	important	

to	 consider	 not	 only	 net	 PCE,	 but	 the	 relation	 of	 the	 device	 life	 cycle	 with	 human	 and	 environment,	

especially	the	interaction	with	the	food	supply,	climate	change	and	human	rights81.	
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1.6. Objectives	of	the	work	and	experimental	approach	

The	aim	of	this	project	is	to	gradually	replace	components	in	the	photoanode	of	a	sensitized	solar	

cell	 with	 more	 sustainable	 alternatives	 derived	 from	 renewable	 carbon	 sources.	 We	 investigate	 the	

fabrication	 and	 performance	 of	 graphene-ZnO	 heterostructures	 and	 bacteriorhodopsin	 as	 functional	

components	on	the	photoanode.	This	project	is	divided	in	four	objectives,	as	illustrated	in	Figure	1.5.		

	
Figure	1.5. Research	objectives	of	the	dissertation	

In	the	first	objective,	the	performance	of	graphene	as	TC	is	compared	to	that	of	FTO	in	a	DSC	made	

with	slip-casted	ZnO	NPs	sensitized	with	a	synthetic	dye.	The	practical	challenges	of	incorporating	graphene,	

a	 one	 atom-thick	material,	 as	 a	 functional	 building	 block	 in	 large	 area	 devices	 are	 assessed.	 This	work	

contributes	to	determining	the	feasibility	of	graphene	to	replace	tin	oxides	as	TC	material.	In	the	second	

objective,	 we	 study	 the	 in	 situ	 growth	 of	 vertically	 aligned	 ZnO	 nanorods	 (ZVNR)	 by	 cathodic	

electrodeposition	on	graphene	and	perform	characterization	of	the	hybrid	materials.	We	emphasize	on	the	

heterostructure	 interface,	 especially	 on	 determining	 the	 prevalence	 of	 sp2	hybridization	 in	 graphene	 to	

ensure	that	 its	attractive	electrical	properties	are	retained.	 In	the	third	objective,	the	topography	of	the	

ZVNR/G	 hybrid	 is	 optimized	 for	 application	 as	 SC	 photoanode	 by	 changing	 parameters	 of	 the	

electrodeposition	process.	The	structure	of	the	ZVNR/G	is	designed	to	have	large	surface	area	and	a	very	
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efficient	charge	collection	by	minimizing	losses	caused	by	recombination.		Finally,	in	the	fourth	objective,	

we	use	the	bR	to	replace	the	synthetic	dye	on	a	ZnONPs/FTO	platform,	and	explore	the	formulation	of	the	

electrolyte	to	improve	the	electron	charge	transfer	at	the	interface.	Each	stage	poses	different	challenges	

in	 terms	 of	 stability	 and	 interfacing	 of	 optical,	 electrical	 and	 mechanical	 properties	 of	 the	 different	

elements.	

With	 the	 advances	 made	 in	 DNA	 recombinant	 and	 nanotechnology,	 new	 concepts	 for	 energy	

transduction	based	on	natural	systems	are	possible.	Such	bio-nanosystems	remain	a	mystery	for	science	in	

many	senses;	therefore,	a	systematic	study	of	the	role	and	behavior	of	each	individual	element	may	provide	

insight	into	the	photoelectric	processes	taking	place.	The	analysis	of	energy	levels	of	the	chosen	materials	

dictate	that	the	proposed	system	is	energetically	feasible,	considering	that	electron	transfer	in	interfaces	

occurs	 only	 between	 energy	 states	 that	 are	 approximately	 at	 the	 same	 level,	 and	 more	 rapid	 when	

transferring	thermodynamically	downhill	169.		

To	determine	the	performance	of	the	proposed	systems	we	applied	a	detailed	analysis	of	fabricated	

SCs	combining	linear	sweep	voltammetry	(LSV),	electrochemical	impedance	spectroscopy	(EIS)	and	open-

circuit	voltage	decay	(OCVD).	This	approach	provides	insight	of	the	internal	charge	transfer	mechanisms,	

enabling	to	identify	PCE	loss	mechanisms	and	solutions.	Figure	1.6(a)	shows	the	LSV	curve	of	an	illuminated	

reference	cell	we	fabricated	using	a	photoanode	of	ZnO	NPs	spread	onto	FTO	and	sensitized	with	a	D149	

dye.	The	short-circuit	current	density	(Jsc),	open	circuit	voltage	(Voc),	PEC		and	fill	factor	(FF)	are	extracted	

from	the	J-V	plot	as	shown	in	Figure	1.6	and	Equations	1.1	and	1.2.		

PEC	=	Pmax/Pin	 	 	 Equation	1.1	

FF	=	Pmax/JscxVoc	 	 	 Equation	1.2	
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Figure	1.6. Current	density-voltage	(J-V)	and	power-voltage	(P-V)	characteristic	for	reference	DSC	under	

100mW/cm2	Xe	lamp.		

Figure	1.7(a-b)	shows	the	Nyquist	and	Bode	plot	of	EIS	spectra	for	the	reference	DSC	described	above.	

The	 experimental	 EIS	 data	 (Zexp)	 is	 interpreted	 by	 the	 equivalent	 circuit	 model	 of	 Figure	 1.7(c).	 The	

impedance	of	a	SC	(ZModel)	is	interpreted	as	a	sum	of	the	elements	in	series	in	the	SC:	resistance	of	the	TC	

(RTC),	charge	transfer	impedance	in	the	photoanode	(ZPA),	Warburg	diffusion	impedance	of	the	electrolyte	

(W)	and	charge	transfer	impedance	at	the	counter-electrode	(ZCE),	as	described	by	Equation	1.3.		

𝑍"#$%& = 𝑅)* + 𝑍,- + 𝑊 + 𝑍*/ 	 	 	 Equation	1.3	

All	the	double	layer	capacitances	in	the	interfaces	of	solids	with	electrolyte	are	considered	constant	

phase	element	(CPE)	to	account	for	the	deviation	from	an	ideal	capacitor.	The	impedance	of	a	CPE	with	

capacitance	prefactor	𝐶	and	ideality	factor	𝑛	as	a	function	of	the	frequency	(𝜔)	is	given	by	Equation	1.4.	

𝑍*,/(𝜔) =
5

678*
	 	 	 	 Equation	1.4	 	 	
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Figure	1.7. (a)	Nyquist	and	(b)	Bode	plots	of	experimental	and	fitted	EIS	of	reference	solar	cell.			
	 (c)	Equivalent	circuit	of	SCs	

RTC	is	found	at	the	highest	frequency	in	EIS,	ZCE	is	a	high-frequency	peak,	the	middle-frequency	peak	

corresponds	 to	 ZPA,	 and	W	 is	 found	 at	 the	 lowest	 frequency	 170-173.	 The	𝑅)* 	corresponds	 to	 the	 sheet	

resistance	of	the	transparent	conductor.	The	ZPA	is	interpreted	according	to	the	most	widely	accepted	model	

of	electron	diffusion	through	ZnO	NPs		(rd)	coupled	to	electron-transfer	reactions	with	the	electrolyte	(rk)	in	

a	transmission	line	model,	in	series	with	the	charge	transfer	impedance	at	the	TC/ZnO	interface	(ZTC/ZnO)	and	

parallel	to	the	impedance	for	recombination	of	electrons	from	the	TC	to	the	electrolyte	(ZTC/El)	
174.	Rd	equals	

the	 sum	 of	 the	 inter-particle	 resistances	 rd.	 Rk	 represents	 the	 numerous	 charge	 transfer	 resistances	 rk	

between	 individual	 particles	 and	 electrolyte,	 and	 is	 generally	much	 larger	 than	Rd.	 The	 ZTC/ZnO	 is	much	

smaller	than	the	Rk	after	annealing,	while	the	ZTC/El	is	much	larger	than	Rk,	therefore,	both	ZTC/ZnO	and	ZTC/El	

can	be	neglected	in	the	calculations.	Therefore,	the	ZPA	is	simplified	to	the	transmission	line	of	Rd	and	Rk	as	

described	by	Equation	1.5:	

𝑍,- =
9:9;

5< 67 8;9;*,/;
× coth 9:

9;
1 + 𝑗𝜔 D;𝑅E𝐶𝑃𝐸E 	 	 	 Equation	1.5	
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The	𝑊	is	given	by	𝜎,	the	Warburg	diffusion	coefficient	of	ions	in	the	electrolyte	on	a	surface	according	

to	the	Equation	1.6.	

𝑊 = IJ
67
	 	 	 	 Equation	1.6	

The	𝑍*/ 	is	expressed	as	capacitance	(𝐶𝑃𝐸*/)-resistor(𝑅*/)	parallel	circuit	and	is	given	by	Equation	1.7.	

𝑍*/ =
9KL

5< 67 8KL9KL*KL
	 	 Equation	1.7	

The	ZModel	is	constructed	by	using	the	Kirchoff	rules	to	analyze	the	circuit,	and	applying	complex	number	

operations	for	the	impedance	elements	with	built-in	functions	in	a	Excel	spreadsheet	from	literature	170.	

The	ZModel	provides	estimate	values	of	the	internal	impedance	elements	and	kinetic	parameters	of	the	DSC.	

The	fitting	error	(e)	is	kept	within	±5%	for	all	the	analysis,	as	calculated	from	the	Equation	1.8.	

𝑒 = NLOPQNRS:TU
NTOP

∗ 100		 	 Equation	1.8	

Extracting	 the	 transport	kinetics	 for	 charge	carriers	 in	 the	cells	 is	 very	useful	as	 the	mobility	of	 the	

charges	 in	 the	 semiconductors	 is	 largely	 affected	 by	 scattering	 events	 175,	 so	 we	 will	 use	 the	

photoconductive	 effect	 to	measure	 the	 electron	 lifetime,	 i.e.	mean	 free	 time	 between	minority-carrier	

collisions	𝜏.	 The	generation	of	excess	 carriers	 in	 semiconductors	under	 illumination	cause	a	momentary	

increase	 of	 the	 conductivity,	 and	 when	 the	 light	 is	 turned	 off,	 the	 decay	 of	 this	 photocurrent	 can	 be	

monitored	by	the	Voc	decay	(OCVD)	
173,	176.	The	𝜏	is	extracted	from	the	OCVD	by	Equation	1.9.	

𝜏 = − EZ)
D

[\]K
[^

Q5
	 	 Equation	1.9	

Biophotovoltaic	devices	are	in	the	first	stage	of	their	development,	and	the	main	challenge	is	their	low	

PCE.	We	expect	to	contribute	to	the	development	of	more	efficient	devices	by	fundamental	studies	of	the	

internal	mechanisms	within	a	BSC.	The	extraction	of	kinetic	parameters	will	provide	significant	insight	in	

the	charge	transfer	processes	to	identify	the	bottlenecks	of	the	systems.	Our	experimental	work	is	aimed	

to	understand	how	to	better	integrate	functional	membrane	proteins	and	carbon	nanomaterial	hybrids	

derived	from	renewable	sources	into	sustainable	solar	energy	harvesting	devices.		
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Chapter	I:		
Graphene	Compared	to	Doped	Tin	Oxide	as	Transparent	

Conductor	in	ZnO	Dye-Sensitized	Solar	Cells		

Abstract	

Due	 to	 its	 high	 transparency	 and	 electrical	 conductivity,	 graphene	 could	 replace	 widely	 used	

transparent	conductors	(TC)	like	fluorine-doped	and	indium	tin	oxides	(FTO	and	ITO,	respectively).	This	work	

focuses	on	the	technical	feasibility	of	pristine	graphene	produced	by	chemical	vapor	deposition	(CVD)	to	

replace	FTO	in	the	photoanode	of	dye-sensitized	solar	cells	(DSCs).	This	is	the	first	study	in	which	graphene	

is	used	as	photoanode	TC	in	a	tin	oxide-free	DSC	using	ZnO	as	mesoporous	semiconductor.	The	stability	of	

graphene	 towards	 hybridization	 with	 ZnO	 was	 investigated	 using	 electrical	 measurements	 and	 Raman	

spectroscopy.	A	thorough	comparison	of	performance	between	FTO-	and	graphene-DSCs	under	identical	

conditions	was	done	using	current	density–voltage	 (J-V)	plots,	electrochemical	 impedance	spectroscopy	

(EIS)	and	open	circuit	voltage	decay	(OCVD)	for	10	samples	fabricated	with	each	material.	Graphene	DSCs	

consistently	produced	larger	open	circuit	voltage	(Voc)	and	short	circuit	current	density	(Jsc)	than	FTO	DSCs,	

attributed	 to	 graphene’s	 higher	 optical	 transmittance.	 However,	 the	 fill	 factor	 (FF)	 was	 lower	 for	 the	

graphene	DSCs,	 attributed	 to	 the	 larger	 sheet	 resistance	of	 graphene.	Graphene	 and	 FTO	DSCs	 yielded	

similar	power	conversion	efficiencies	(PCE)	of	0.4%,	despite	graphene	having	a	thickness	that	is	two	orders	

of	 magnitude	 smaller	 than	 FTO.	 The	 findings	 have	 important	 cost	 and	 environmental	 implications	 for	

largescale	production,	not	only	 for	DSCs,	but	also	 for	 the	many	photovoltaic	 technologies	derived	 from	

them,	such	as	perovskites	and	quantum	dot-SCs.	

	 	



	

	

	
32	

2.1. Introduction	

Graphene’s	 flexibility,	 transparency	 and	 high	 electrical	 conductivity	 make	 it	 an	 ideal	 transparent	

conductor	(TC)	for	optoelectronic	devices,	such	as	touchscreens,	displays,	lighting	and	smart	windows	1-3,	

as	well	as	different	kinds	of	photovoltaic	devices,	including	dye-sensitized	solar	cells	(DSCs)	4-9.	The	principal	

materials	used	for	these	applications	are	doped	tin	oxides	(i.e.	FTO,	ITO),	which	are	brittle,	rare,	costly	-	

possibly	toxic	-	and	their	production	requires	the	use	of	conflict	minerals,	i.e.	cassiterite	10,	11.	It	has	been	

shown	that	mining	and	industrial	wastes	related	to	these	materials	can	adversely	affect	water	quality	and	

human	health	12-14.	Furthermore,	cassiterite	has	been	linked	to	armed	conflicts	in	African	countries,	making	

regulation	compliance	an	escalating	cost	for	tin	oxide	industry	world-wide	15,	16.	In	comparison,	graphene	is	

made	 from	 the	 abundant	 element	 carbon,	 can	 be	 synthesized	 from	 a	 variety	 of	 organic	materials	 and	

wastes,	and	its	mass	production	cost	is	expected	to	drop	in	the	near	future	17.		

The	use	of	graphene	as	TC	poses	the	challenge	of	minimizing	its	sheet	resistance	(𝑅�),	while	maintaining	

a	high	optical	transmittance	(T),	properties	contained	in	the	figure	of	merit	σdc/op,	the	ratio	of	direct	current	

conductivity	to	optical	conductivity,	given	by	Equation	1,	where	Z0	=	377	Ω		is	the	free	space	impedance	18.	

σdc/op=σdc/σop=
Z0
2$�

( &
'
− 1)+&				 	 	 (1)	

In	 photovoltaics,	 a	 	σdc/op 		 value	 at	 least	 larger	 than	 32	 is	 desirable	 (𝑅�<50	Ω/�	and	 T>	 80%);	 	 for	

example,	ITO	has	σdc/op=110-150	
19.	The	theoretical	maximum	σdc/op	value	for	pristine	single	layer	graphene	

(1LG)	is	2.55,	which	has	already	been	reached	experimentally	but	may	not	be	good	enough	for	a	TC	18,	20,	21.	

Reducing	𝑅� 	has	 the	 largest	 effect	 on	 increasing	σdc/op ,	 and	 for	 graphene	 this	 could	 be	 achieved	 by	

increasing	the	effective	mobility	(μ),	the	film	thickness	(t),	and	the	majority	carrier	density	(n),	according	to	

the	relation	R� = (qμnt)-1,	where	q	is	the	electron	charge	22.	The	high	value	of	μ	=	200,000	cm2/V·s,	reported	

for	 mechanically	 exfoliated	 graphene,	 is	 one	 of	 the	 material’s	 most	 exalted	 properties.	 However,	 it	 is	

uncommon	to	achieve	such	values	in	large	area	films	23.	Conventional	CVD	which	is	a	suitable	technique	to	

scale-up	 graphene	 synthesis,	 commonly	 yields	 a	 film	 with	σdc/op≈3-10	and	μ 	of	 few	 thousand	cm
2/V·s,	
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higher	than	other	common	methods	like	reduced	graphene-oxide	(rGO),	and	it	could	be	further	improved	

by	increasing	the	crystal	size	and	optimizing	the	transfer	methods	18,	24.	The	second	parameter	t	increases	

with	the	number	of	carbon	layers,	and	stacking	of	CVD-graphene	films	has	been	reported	to	decrease	R�,	

at	the	expense	of	T	25.	The	third	parameter,	n,	depends	on	the	Fermi	level	for	graphene	and	can	be	increased	

by	doping,	with	estimations	of	figure	of	merit	σdc/op=330	for	highly	doped	4	layer	graphene	(4LG)	
18.	

This	work	focuses	on	application	of	graphene	in	dye	sensitized	solar	cells	(DSCs),	which	are	interesting	

photovoltaic	devices	because	of	their	low	cost	and	the	possibility	to	fabricate	flexible	transparent	modules	

26,	27.	A	DSC	is	composed	of	a	photoanode	and	a	counter-electrode,	connected	by	an	electrolyte.	From	the	

many	elements	that	make	up	a	DSC,	the	TC	in	the	photoanode	currently	represents	a	large	share	of	the	cost	

and	 environmental	 impact,	 motivating	 the	 search	 for	 alternatives.	 Furthermore,	 the	 structure	 of	 a	 TC	

coated	with	a	wide-bandgap	semiconductor	holds	great	relevance,	as	it	has	been	inherited	from	DSCs	into	

the	 photoanode	 platform	 for	 bulk	 heterojunction,	 quantum	 dot-	 and	 perovskite-sensitized	 solar	 cells,	

technologies	that	are	rapidly	changing	the	game	of	photovoltaics	28-30.	

In	this	study,	we	compared	the	performance,	internal	resistance	elements	and	charge	kinetics	for	DSCs	

made	with	4LG	versus	FTO	as	TC	in	the	photoanode,	using	identical	electrolyte	and	counter-electrodes.	In	

contrast	 to	 all	 previous	 studies	 on	 graphene/TiO2-DSCs,	 ZnO	 nanoparticles	 (NPs)	 were	 chosen	 as	 the	

mesoporous	semiconductor	layer,	because	ZnO	can	be	more	easily	synthesized	in	a	variety	of	morphologies	

using	mild	methods	compatible	with	graphene	technology.	From	the	many	approaches	for	hybridization	of	

graphene	with	ZnO	31,	we	used	a	simple	assembly	by	doctor	blade	as	a	first	approach.	The	electrochemical	

measurements	show	similar	power	conversion	efficiency	for	DSCs	with	both	TC	materials,	but	also	reveal	

differences	in	charge	generation	and	loss	mechanisms	between	the	two	materials.	Solutions	for	improving	

graphene´s	performance	as	TC	in	photovoltaics	are	provided	based	on	our	results.		
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2.2. Experimental	Procedures	

2.2.1. Graphene	growth	and	transfer	

For	the	fabrication	of	graphene-based	TCs,	a	continuous	1LG	film	was	grown	on	Cu	foil	using	a	ambient-

pressure	(AP)	CVD,	with	diluted	methane	as	carbon	source	(~90ppm).	This	method	was	adapted	from	a	

previous	publication	of	our	group32	by	extending	the	growth	time	for	single	crystal	domains	to	expand	until	

achieving	continuous	graphene	film.	Cu	foil	99.8%	from	Alfa	Aesar,	catalog#	46986,	 is	cut	and	flattened.	

Then	it	is	cleaned	in	a	5%	v/v	acetic	acid	solution	for	10	min.	Next,	the	Cu	foil	is	rinsed	with	deionized	water	

(DI	water),	acetone	and	isopropyl	alcohol	for	10	min	each,	followed	by	drying	with	N2,	carefully,	to	prevent	

wrinkle	 formation.	 The	 Cu	 foil	 is	 placed	 inside	 the	 furnace	 tube	 (1”	 diameter)	 on	 a	 quartz	 holder	 and	

annealed	for	two	hours	at	1030	°C	in	the	furnace	at	atmospheric	pressure	with	Ar	(300	sccm)	and	H2	(15	

sccm).	Then	graphene	is	grown	with	375	sccm	of	diluted	methane	in	Ar	(90ppm)	and	15	sccm	of	H2.	After	

60	minutes,	the	diluted	methane	is	turned	off	and	the	tube	is	cooled	with	Ar	(300	sccm)	and	H2	(15	sccm)	

to	room	temperature.	The	continuity	of	the	graphene	is	assessed	by	the	destructive	technique	of	oxidizing	

the	Cu	foil	covered	with	graphene	at	120	°C	on	a	hot	plate	for	15	min	and	observing	it	under	the	optical	

microscope.		

The	graphene-coated	Cu	 is	 spin-coated	with	PMMA	 (4%	v/v	 in	anisol)	 at	3000	 rpm	 for	30	 seconds,	

followed	by	baking	at	95	°C	for	3	minutes.	Then,	the	copper	layer	is	etched	away	by	floating	on	a	solution	

of	FeCl3	0.3	M	or	ammonium	persulfate	0.5	M..	After	the	copper	has	been	completely	etched,	the	remaining	

solution	is	washed	with	DI	water,	and	with	HCl	10%	for	1	hour,	after	which	the	solution	is	cleaned	again	

with	DI	water.	The	floating	1LG	is	scooped	by	a	second	graphene/copper	film.	The	PMMA/graphene/copper	

substrate	is	left	to	dry	under	air,	and	then	is	baked	for	1	hour	in	the	oven	at	80	°C.	The	process	is	repeated	

until	obtaining	4LG/copper	film.	Next,	glass	slides	are	washed	with	soap,	sonicated	in	acetone,	and	finally	

soaked	in	piranha	solution	(3:1	H2SO2:H2O2)	or	concentrated	NH4OH	for	30	minutes.	The	completely	clean	

and	hydrophilic	glass	is	used	to	scoop	the	floating	4LG.		The	PMMA/4LG/glass	assembly	is	soaked	in	acetone	
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overnight	at	65	°C	to	remove	the	PMMA.	The	graphene-coated	glass	is	annealed	in	furnace	with	Ar	(100	

sccm)	and	H2	(15	sccm)	at	400	°C	and	atmospheric	pressure	for	1	hour.		

2.2.2. Fabrication	and	Characterization	of	Photoanode	

A	10nm/120nm	Cr/Au	collector	was	deposited	around	graphene-on-glass	using	e-beam	evaporation.	A	

mask	of	aluminum	foil	held	with	two	small	pieces	of	tape	was	used	to	avoid	contamination	of	the	4LG	with	

photoresists	or	thermal	tape.	The	FTO-coated	glass	was	cleaned	with	distilled	water	water,	sonicated	 in	

acetone,	rinsed	with	isopropyl	alcohol	and	dried	under	nitrogen.	Then	it	was	annealed	at	400˚C	and	cooled	

down	slowly.	Finally,	it	was	immersed	in	HNO3	40%	for	2min,	rinsed	with	water	and	dried	with	N2.	

Subsequently,	the	4LG	and	FTO	TCs	where	coated	with	a	mixture	of	commercially	available	ZnO-NPs	of	

two	 different	 size	 ranges	 1:1	 (Alfa	 Aesar	 Nanotek	 #44899	 40-100	 nm	 and	 US	 Research	 Nanomaterials	

#US3590	10-30nm).	The	NPs	were	deposited	on	the	substrate	by	spreading	a	paste	by	doctor	blade.	Two	

different	pastes	were	explored,	one	that	used	polyethylene	glycol	(PEG)	as	medium	and	another	that	used	

sec-butanol	(ButOH).	The	PEG	paste	was	prepared	by	mortaring	the	ZnO	NPs	with	PEG	(Mn	=	400)	in	1:2	

weight	ratio,	one	layer	of	15	µl/cm2	from	this	paste	was	spread	on	the	TC	and	annealed	for	30	min	at	400	

°C	in	air	for	sintering.	The	ButOH	paste	was	prepared	by	sonicating	the	NPs	with	2-butanol	in	1:6	weight	

ratio	and	3%	acetic	acid	as	dispersant.	This	paste	was	applied	by	applying	a	layer	of	15	µl/cm2	on	the	TC	and	

evaporating	the	solvent	at	50°C,	process	that	was	repeated	four	times.	The	samples	were	dried	in	vacuum	

overnight	and	then	annealed	under	air	or	argon	at	400	°C	for	30min.	We	will	use	as	nomenclature	ZF	for	

the	ZnO	on	FTO	electrode,	and	ZG	for	the	ZnO	on	4LG.		

The	𝑅�	of	graphene	was	calculated	from	the	bulk	resistance	(𝑅.)	of	a	two	terminal	device	on	glass	with	

the	 formula	𝑅�	=	RB ∙W L	,	 where	W	 is	 the	 width	 of	 the	 graphene	 area	 and	 L	 as	 the	 length	 between	

contacts,	method	that	was	validated	against	four-point	measurements.	The	transfer	characteristic	of	the	

graphene	was	measured	in	a	Field	Effect	Transistor	(FET)	device.	The	three-terminal	transistor	device	was	

made	 using	 graphene	 as	 the	 semiconducting	 channel,	 e-beam	 evaporated	 Cr	 (10	 nm)/Au	 (120	 nm)	 as	
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source-drain	contacts,	a	highly	doped	p-type	Si	as	global	back	gate,	and	300	nm	thermally	grown	SiO2	as	

the	gate	dielectric.	The	graphene	channel	was	prepared	by	photolithography	and	Reactive	Ion	Etching,	with	

equal	 width	 and	 length	 dimensions	 of	 1µm.	 UV-Vis	 transmittance	 of	 graphene	 and	 FTO	 on	 glass	 was	

acquired	using	a	spectrophotometer	(DU	800,	Beckman	Coulter),	with	air	as	the	blank.		

The	 structure	 and	 morphology	 of	 ZG	 and	 ZF	 were	 characterized	 using	 Raman	 spectroscopy	 and	

scanning	electron	microscopy	(SEM).		The	Raman	spectra	were	obtained	using	a	Horiba	Scientific	LabRam	

Monochromator	equipped	with	a	532-nm	laser.	SEM	was	performed	using	the	FEI	NovaNanoSEM	450.	The	

crystalline	 phase	 of	 ZnO	 in	 ZF	 and	 ZG	 hybrids	 was	 determined	 using	 X-ray	 diffraction	 (XRD).	 XRD	

measurements	were	taken	at	room	temperature	with	the	Empyrean	diffractometer	from	Panalytical,	using	

a	copper	anode	at	40	mA	and	45	kV	and	step	size	of	0.0260°.	AFM	of	the	ZG	and	ZFTO	surfaces	was	obtained	

in	tapping	mode	with	Veeco’s	NanoScope	V	using	Bruker	CONTV-A	tips.		

2.2.3. DSC	Assembly	

The	 photoanode	 was	 immersed	 30	 min	 in	 a	 0.3	 mM	 solution	 of	 D149	 dye	 (Sigma-Aldrich)	 using	

acetonitrile	and	sec-butanol	as	solvents	in	ratios	of	1:1	and	1mM	sodium	cholate,	followed	by	rinsing	with	

sec-butanol	and	drying	in	air.	The	counter-electrode	was	prepared	e-beam	evaporation	of	a	40	nm/40	nm	

Ti/Pt	film	on	a	clean	glass	substrate	with	2	holes	pre-drilled.	The	photoanode	and	counter-electrode	were	

assembled	together	using	polydimethysiloxane	as	spacer.		The	electrolyte	was	injected	through	the	holes	

in	the	counter	electrode.	The	electrolyte	was	composed	by	acetonitrile	and	ethylene	carbonate	as	solvent	

in	1:3	volume	ratio,	and	0.5	M	tetrapropylammonium	iodide	and	0.05	M	I2	as	redox	mediator.	The	cyclic	

voltammogram	of	Pt	disk	electrode	in	this	electrolyte	is	shown	in	Figure	2.1.	



	

	

	
37	

	

Figure	2.1. Cyclic	voltammetry	measurements	for	a	Pt	disk	in	the	I-/I3
-	electrolyte	used	for	the	DSSCs.	The	

electrolyte	is	composed	by	acetonitrile	and	ethylene	carbonate	as	solvent	in	1:3	volume	ratio,	and	0.5	M	
tetrapropylammonium	iodide	and	0.05	M	I2	as	redox	mediator.	CV	measurements	were	carried	from	-0.6	V	to	0.8	V	

at	100mV/s	scanning	rate.		

2.2.4. DSCs	Photolectrochemical	Performance	Measurement	

The	DSCs	were	tested	under	a	xenon	lamp	(USHIO	UXL-75XE)	with	100	mW/cm2	power	input,	calibrated	

with	a	Newport	Power	Meter	1918-R.	J-V	curves,	EIS	and	OCVD	of	the	solar	cells	were	obtained	with	CHI	

660C.	The	J-V	curve	was	measured	from	0.2	V	to	-0.8	V	with	a	scan	rate	of	0.5	V/s.	The	EIS	spectra	was	

recorded	under	illumination,	in	the	frequency	range	between	10-1	and	105	Hz,	setting	the	bias	voltage	at	

the	Voc	of	the	device	and	the	amplitude	at	10	mV.	Fitting	of	the	EIS	data	was	done	as	described	in	Section	

1.6	33-36.	The	OCVD	was	measured	by	monitoring	the	open	circuit	voltage	(Voc)	of	the	DSC	after	switching	

from	illuminated	to	dark	operation	and	the	electron	lifetime	𝝉𝒏	was	calculated	according	to	Equation	1.9
37.	

	 	

-1E-3

-5E-4

0E+0

5E-4

1E-3

2E-3

-0.9 -0.4 0.1 0.6 1.1

Cu
rr
en

t	(
A)

V	vs	Ag/Ag+	reference	(10mM	AgNO3 in	Acetonitrile)

Electrolyte	II	100mV/s

Eox2

Ered2

Ered1

Eox1



	

	

	
38	

2.3. Results		

A	continuous	film	of	1LG	was	grown	using	AP-CVD	with	diluted	methane	(90	ppm	in	Ar)	as	a	carbon	

source.	The	Raman	spectra	taken	at	different	random	positions	for	a	continuous	film	of	our	SLG	on	SiO2	in	

Figure	2.2(a)	shows	only	two	peaks,	corresponding	to	the	G	band	(1580cm-1)	and	2D	band	(2700cm-1)	of	

graphene.	The	ratio	of	I2D/IG	is	≥1	indicates	a	continuous	film	of	single-layer	graphene	with	sparse	nuclei	of	

few	layer	graphene	on	top	as	observed	in	figure	2.2(b),	which	is	common	in	CVD-graphene	grown	on	Cu	39,	

40.	The	absence	of	D	band	at	1350cm-1	indicates	a	highly	crystalline	sp2	carbon	network,	with	large	domains,	

since	the	crystallite	size	is	inversely	proportional	to	the	ratio	of	ID/IG	
41.	AFM	in	figure	2.2(c)	was	taken	of	a	

graphene	edge	on	SiO2	and	the	measurement	of	the	graphene	thickness	was	0.3-0.5nm	further	confirming	

the	single-layer	nature	of	the	CVD-graphene.	

	 			 	

	

Figure	2.2. (a)	Raman	shift	spectra	for	the	graphene	grown	by	CVD	using	diluted	methane	(90ppm	in	Ar)	and	
transferred	to	SiO2/Si	substrate.	(b)	Optical	micrograph	of	patterned	graphene	on	SiO2	showing	a	continuous	
single-layer	graphene	film	with	sparse	nuclei	of	few-layer	graphene	on	top.	(c)	AFM	micrograph	and	height	

measurement	of	graphene	edge	on	a	SiO2	substrate.	
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Figure	2.3(a)	shows	the	transfer	properties	by	FET	measurements	of	8	different	samples	of	SLG	grown	

using	methane	90ppm.	This	transport	behavior,	where	the	Dirac	voltage	is	between	40	and	70V	indicates	

strong	p-doping	for	our	processing.	The	hole	mobility	displayed	in	figure	2.3(b)	was	calculated	from	the	

transfer	characteristic	curves	and	its	value	between	4000	and	6000	cm2/V.s	which	has	been	reported	for	

CVD-graphene	with	similar	domain	size	38.	

	

			 	

Figure	2.3. Transfer	characteristic	for	different	FET	devices	using	graphene	grown	with	diluted	methane	(90ppm)	
as	carbon	source.	FETs	were	fabricated	on	300nm	SiO2/Si,	VDS=0.1	(b)	Hole	mobility	for	different	graphene	samples	

obtained	from	the	FET	transfer	characteristic	curves.	

The	 low	methane	 concentration	 allowed	 the	 reduction	 of	 the	 nucleation	 density	 of	 graphene	 and	

growing	a	high	quality	1LG	with	hexagonal	crystals	of	diameter	larger	than	500µm,	as	shown	in	the	inset	of	

Figure	2.4(a).	The	main	challenge	with	using	graphene	as	a	TC	is	minimizing	its	𝑅�	while	maintaining	high	T.	

As	shown	in	Figure	2.4(a),	the	𝑅�	for	1LG	was	found	to	be	~1200	Ω/�,	in	comparison	to	7	Ω/�	for	FTO,	but	

stacking	of	individual	1LG	layers	reduced	𝑅�	to	372	Ω/�	for	4LG.		
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Figure	2.4. (a)	Sheet	resistance	of	FTO	and	graphene;	inset:	Optical	micrograph	of	graphene	single	crystals	on	
copper	at	an	intermediate	growth	stage	showing	large	domains.	(b)	UV-vis	transmittance	of	graphene,	FTO,	ZnO	

and	N3	dye	

The	comparison	of	UV-vis	transmittance	of	graphene	and	FTO,	along	with	the	photoactive	materials	in	

the	DSC,	ZnO	and	N3	dye,	is	shown	in	Figure	2.4(b).	The	transmittance	for	4LG	in	the	UV-Visible	light	range	

(𝜆 	=	 350	 -	 800	 nm)	 was	 measured	 to	 be	 75-85%,	 while	 FTO	 shows	 a	 more	 variable	 T,	 with	 only	 50%	

transmittance	 at	 350	 nm,	 81%	 at	 660	 nm	 and	 75%	 at	 800	 nm.	 However,	 the	 4LG	 had	σdc/op~5 ,	 still	

significantly	lower	than	σdc/op~220	for	FTO,	using	the	T	at	550	nm.	To	further	reduce	the	𝑅☐	of	graphene,	

we	tried	to	increase	the	number	of	charge	carriers	n	with	molecular	doping	by	immersing	the	samples	in	

concentrated	 nitric	 acid,	 which	 reduced	 the	 resistance	 by	 about	 50%,	 but	 the	 original	 resistance	 was	

restored	after	a	couple	of	days.	Later	we	have	tried	spinning	a	AuHCl4	solution	on	top	of	the	graphene,	and	

the	doping	effects	have	been	stable	over	longer	periods	of	time,	but	also	tend	to	restore	some	of	the	original	

resistance.	The	value	of	𝜎𝑑𝑐 𝑜𝑝	for	our	Au-doped	4LG	is	29.4	(𝑅☐=42	Ω/☐	and	T=75%),	which	is	very	close	

to	our	target	of	31.		

The	hybridization	of	ZnO	with	the	4LG	was	characterized	by	measuring	its	electrical	resistance.	For	the	

fabrication	 of	 ZG	 hybrid,	 the	 ButOH-ZnO	 paste	 showed	 good	 colloidal	 dispersion	 and	 formed	 a	

homogeneous	continuous	ZnO	 film	on	graphene.	The	𝑅�	after	application	and	drying	of	 the	ButOH-ZnO	

paste	increased	by	50-70%	compared	to	bare	graphene.	Annealing	in	air	at	400˚C	of	bare	4LG	and	ZG	hybrids	
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prepared	with	ButOH	and	PEG	pastes	caused	open	circuit	failure	of	the	devices,	while	annealing	in	Ar	only	

caused	a	slight	resistance	increase	of	6%	for	ZG.		

The	stability	and	integrity	of	graphene	during	the	fabrication	and	annealing	steps	was	monitored	using	

Raman	spectroscopy.	As	shown	in	Figure	2.5,	the	Raman	spectra	of	bare	graphene	(black	curve)	shows	the	

characteristic	G	and	2D	peaks	at	~1590	cm-1	and	~2700	cm-1,	respectively.	The	Raman	spectra	of	the	ZG	

hybrid	fabricated	using	ButOH-ZnO	paste	non-annealed	and	annealed	in	Ar	at	400˚C	(green	curves)	shows	

mostly	no	change	with	respect	to	bare	graphene.	The	ZG	hybrid	also	showed	the	characteristic	Raman	peaks	

for	ZnO	hexagonal	wurtzite	nanostructures	below	500cm-1	(inset	of	Figure	2.5).	When	the	same	ZG	hybrid	

was	annealed	in	air	(orange),	a	relatively	large	D	peak	with	ID/IG	=	1.3	appeared.	The	ZG	hybrid	fabricated	

with	PEG	paste	required	annealing	in	air	to	burn	the	polymer	which	lead	to	increase	of	D	peak	to	yield	ID/IG	

=	0.4	(yellow).	Additionally,	annealing	 in	air	of	bare	graphene	(red)	and	ZG	prepared	both	with	PEG	and	

ButOH	pastes	displayed	the	D’	peak	around	1620	–	1625	cm-1.	The	higher	degree	of	disorder	introduced	for	

bare	graphene	(ID/IG	=2.2)	in	comparison	to	both	ZG	hybrids	during	thermal	annealing	in	air	indicates	that	

the	ZnO	paste	might	have	partly	protected	graphene	from	oxidation.	In	terms	of	the	ratio	between	2D	and	

G	peaks,	some	spectra	resemble	the	Raman	signature	of	1LG	(I2D>IG)	and	other	correspond	to	that	of	few-

layer	graphene	(I2D£IG),	even	though	in	all	cases	we	used	4LG.	
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Figure	2.5. Raman	spectra	of	graphene	and	ZG	hybrids	prepared	under	different	conditions.	Inset:	Raman	spectra	
region	showing	the	ZnO	peaks	for	ZG	hybrids.		

	

The	contrast	in	thickness	between	the	two	TCs	is	illustrated	in	the	cross-section	SEM	images	of	ZG	and	

ZF	and	in	Figures	2.6	(a,b).	The	1.5	nm	thickness	of	4LG	is	two	orders	of	magnitude	smaller	than	the	500	

nm	thickness	of	FTO,	implicating	large	savings	of	material	for	graphene	TCs.		

						 	

Figure	2.6. SEM	images	of	the	(a)	ZG	and	(b)	ZF	photoanodes	cross	section.	Scale	bars	correspond	to	1µm.	

	

ButOH/ZG	Non	Annealed		(ID/IG=0.1)	

PEG/ZG	Annealed	in	Air	(ID/IG	=0.4)	

		D	

						G	
	D’	

2D	

ButOH/ZG	Annealed	in	Air	(ID/IG=1.3)	

ButOH/ZG	Annealed	in	Argon		(ID/IG=0)	

Graphene	Non	Annealed	(ID/IG	=0)	

	Graphene	Annealed	in	Air		(ID/IG	=2.2)	

In
te
ns
ity

	(a
.u
)	

E2-ZnO	

(b)						(a) 	



	

	

	
43	

The	ZnO	films	for	both	ZG	and	ZF	were	porous,	exhibiting	an	average	roughness	(Ra=336	±	54	nm)	as	

illustrated	in	the	SEM	and	AFM	microgrpahs	illustrated	in	Figures	2.7(a,b).	As	shown	in	Figure	2.7(c),	the	

both	ZnO	films	were	crystalline	and	the	XRD	spectra	was	indexed	to	the	ZnO	wurtzite	crystal	structure	(JCDP	

36-1451),	with	the	hexagonal	space	group	P63mc	(a=b=3.2494	Å,	c=5.2058	Å,	a=b=90°,	g=120°).	Additional	

peaks	corresponding	to	the	FTO	substrate	were	found	for	ZF.	The	peak	position	and	relative	intensities	for	

ZF	and	ZG	prevail	as	compared	to	the	commercial	ZnO	NPs.	A	shift	of	the	peaks	towards	larger	Bragg	angle	

was	observed	after	annealing.	

							 						

Figure	2.7. Scale	bars	correspond	to	1	µm.	(c)	X-Ray	diffractogram	of	ZG	and	ZF	samples,	inset:	X-ray	diffraction	of	
the	{101}	plane	reflection	for	ZG	hybrid	before	and	after	annealing.	

The	performance	of	the	ZG	and	ZF	electrodes	was	studied	by	fabricating	DSCs	with	traditional	D149	

dye	and	I-/I3
-	electrolyte.	The	DSC	J-V	plots	are	compared	in	Figure	2.8(a),	and	the	values	of	Voc,	Jsc,	FF	and	

PCE	averaged	for	10	samples	of	each	material	are	summarized	in	Figure	2.8(b).	The	Voc	of	the	ZG	cells	was	

found	to	be	systematically	larger	than	ZF,	with	ZG	having	an	average	value	of	440mV	and	ZF	420mV.	The	Jsc	

was	 also	 found	 larger	 for	 ZG,	with	 average	 value	 of	 2.7	mA/cm2,	 in	 comparison	 to	 2.3	mA/cm2	 for	 ZF.	

However,	the	FF	was	found	to	be	larger	for	FZ,	with	values	of	41%	compared	to	33%	of	ZG,	which	resulted	

in	both	materials	having	equal	average	PCE	of	0.4%.	
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Figure	2.8. (a)	Representative	J-V	curve	of	DSCs	fabricated	with	ZG	and	ZF.	(b)	Statistical	summary	of	performance	

parameters	Voc,	Jsc,	FF	and	PCE	for	DSC	using	ZG	and	ZF,	10	samples	were	tested	for	each	material	

	

EIS	was	used	to	get	insight	of	the	internal	charge	transport	in	the	DSCs.	The	Nyquist	and	Bode	plots	of	

representative	samples	for	ach	materials	are	shown	in	Figures	2.9(a-b).	The	average	values	of	TC	resistance	

(RTC),	and	resistance	and	frequency	of	charge	transfer	between	the	photoanode	and	the	electrolyte	(RPA	and	

fPA	respectively)	 are	 shown	 in	Figures	 2.9(d).	RPA	 had	 similar	 values	 for	 ZG	 and	 ZF	 of	 32	 and	 28	W.cm2,	

respectively.	fPA	also	had	similar	values	for	ZG	and	ZF	of	7.7	and	9	Hz,	respectively.	In	contrast,	the	value	of	

RTC	was	significantly	larger	for	ZG,	with	a	value	of	44	W.cm
2	compared	to	30	W.cm2	for	ZF.	Measurement	of	

OCVD	 was	 used	 to	 further	 compare	 the	 device	 kinetics.	 The	 electron	 lifetime	𝜏 	was	 calculated	 using	

Equation	1.9	and	plotted	vs	voltage	in	Figure	2.9(c)	for	representative	devices	of	each	material,	showing	

approximately	the	same	value	at	any	voltage.	Averaged	𝜏	at	200mV	is	plotted	for	each	material	in	Figure	

2.9(d),	with	a	value	of	0.4s	for	both	materials.  
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Figure	2.9. (a)	Complex	and	(b)	Bode	plot	of	EIS	and	(c)	electron	lifetime	(𝛕)	vs	voltage	for	representative	DSC	
fabricated	with	ZF	and	ZG	as	photoanode	platform.	(d)	Statistical	summary	of	internal	resistance	elements	RTC	and	
RPA	and	kinetic	parameters	fPA	and	𝛕	(at	200mV)	for	fabricated	DSC	using	ZF	and	ZG,	10	samples	were	tested	for	

each	material	

2.4. Discussion	

The	stability	of	graphene	after	hybridization	with	ZnO	was	monitored	to	ensure	compatibility	of	the	

fabrication	process	with	the	final	application.	The	Raman	spectra	for	bare	graphene	shows	the	distinctive	

G	and	2D	peaks	 corresponding	 to	 the	material,	 and	absence	of	 the	D	peak	 (~1350	cm-1),	 indicating	 the	

defect-free	nature	of	the	graphene	obtained39.		The	variation	in	I2D/IG	between	4LG	samples	is	attributed	to	

random	misorientation	 angles	 between	 the	 stacked	 graphene	 crystals,	 that	 results	 in	 a	 distribution	 of	

interlayer	coupling	levels	and	electronic	band	structures	42,	43.	After	ZnO	deposition	and	annealing	in	Ar,	the	

D	peak	remains	absent,	indicating	that	the	graphitic	nature	is	still	intact.	Annealing	in	air	of	bare	graphene	

and	graphene	coated	with	ZnO	whether	in	PEG	or	ButOH	paste,	did	increase	the	intensity	of	D	peak,	which	

indicates	 introduction	 of	 defects	 in	 graphene	 due	 to	 presence	 of	 oxygen-containing	 functional	 groups.	

Furthermore,	a	D`	peak	appear	 for	all	 air-annealed	samples,	which	 further	 confirms	 the	 introduction	of	
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disorder	and	defects	in	the	graphene	lattice	32,	44.	The	Raman	spectra	indicates	oxidation	of	graphene	when	

annealed	in	air	and	explain	the	open	circuit	failure	of	devices	annealed	in	air.	In	contrats,	graphene	is	not	

damaged	during	preparation	of	the	photoanode,	if	thermal	processes	are	performed	in	Ar	atmosphere.	The	

increase	of	R�	for	graphene	after	ZnO	coating	and	annealing	in	Ar	is	thus	attributed	to	the	increased	surface	

scattering	of	charges	carriers	in	graphene	45,	and	not	to	disruption	of	the	sp2	lattice.		

In	regards	to	the	ZnO	film,	the	ZnO	Raman	peak	centered	at	~437	cm−1	correspond	to	the	E2	vibrational	

mode,	and	a	broad	peak	around	330	cm−1,	attributed	to	a	second-order	Raman	processes	46.	The	prevalence	

of	the	XRD	peak	position	and	relative	intensities	for	ZF	and	ZG	as	compared	to	the	commercial	ZnO	NPs	

indicate	no	phase	transition	during	the	annealing	process.	A	shift	of	the	peaks	towards	larger	Bragg	angle	

was	observed	after	annealing,	which	is	correlated	to	increase	in	NP	size	due	to	sintering	47.	

ZG	DSCs	yielded	efficiencies	comparable	to	ZF.	The	contribution	of	4LG	to	the	Rs	of	the	cells	was	found	

to	be	only	twice	the	contribution	of	FTO,	both	from	J-V	and	EIS	analysis,	demonstrating	that	the	electron	

transport	 is	 in	the	same	order	of	magnitude	in	both	TCs	under	operation.	These	results	are	remarkable,	

considering	that	the	thickness	of	4LG	was	only	0.3%	the	thickness	of	FTO,	and	that	the	R�	of	4LG	was	50	

times	larger	than	for	FTO.	Illumination	and	configuration	of	charge	collectors	seemed	to	reduce	the	effects	

of	 TC	 resistance	 under	 DSC	 operation,	 due	 to	 an	 increase	 in	 charge	 carrier	 concentration	 caused	 by	 a	

photoconductivity	effect	and	the	reduction	of	charge	carrier	path	length22,	48.		

The	4LG	is	more	transparent	than	FTO	in	the	entire	solar	spectrum,	allowing	more	photons	to	reach	

the	photoactive	materials.	Additionally,	 graphene	has	almost	25%	higher	T	 compared	 to	FTO	 in	 the	UV	

region,	where	the	absorbance	of	ZnO	is	maximum.	Because	of	the	larger	amount	of	photons	reaching	the	

photoactive	materials	 in	 the	ZG	DSC,	 the	Voc	and	 Jsc	were	 systematically	 larger	 than	 for	ZF	devices.	The	

higher	transparency	of	4LG	in	the	UV	and	visible	range	increases	the	photogenerated	electrons	and	upshifts	

the	ZnO	Fermi	level,	causing	larger	with	respect	to	the	redox	potential	of	the	electrolyte.	Despite	ZG-DSCs	

having	larger	Voc	and	Jsc,,	they	displayed	lower	FF	than	ZF	devices.	The	lower	FF	in	ZG	DSCs	is	attributed	to	



	

	

	
47	

losses	due	to	larger	R�	of	4LG	compared	to	FTO,	which	is	demonstrated	by	the	larger	RTC	measured	in	the	

EIS.	CVD-graphene	with	very	low	R�	is	expected	to	be	realizable	in	a	close	future,	by	increasing	its	µ	and	n,	

as	the	recent	milestone	achieved	of	CVD-graphene	with	µ	=	350,000	cm2/V·s	and	the	many	efforts	towards	

large	area	monocrystalline	graphene	49-52,	molecular	doping	3,	8,	53-58	and	simultaneous	improvement	of		R�	

and	T	59,	60.	The	similar	RPA,	fPA	and	𝜏	between	ZG	and	ZF	devices	indicates	that	the	charge	transfer	resistance	

and	kinetics	in	the	interfaces	are	not	affected	by	the	choice	of	TC	in	this	case.	The	basal	plane	of	graphene	

has	the	lowest	heterogeneous	electron	transfer	rates	amongst	carbon	allotropes61,	therefore	its	catalytic	

activity	 towards	 reduction	 of	 I3
-	 is	 not	 larger	 than	 that	 of	 FTO,	 demonstrated	 by	 similar	 recombination	

kinetics	observed	both	in	EIS	and	OCVD	of	the	fabricated	DSC.	

To	our	knowledge,	this	is	the	first	report	of	FTO-free	DSCs	using	pristine	CVD-graphene	as	the	TC	and	

ZnO	NPs	as	the	mesoporous	semiconductor	in	the	photoanode.	The	efficiency	of	these	4LG	cells	was	the	

same	as	ZF-DSCs	prepared	with	the	same	ZnO,	Pt	and	electrolyte	elements.	Even	though	many	studies	have	

applied	graphene	as	an	additive	in	the	photoanode	of	DSCs,	most	of	them	still	used	tin	oxides	as	the	TC	

material62.	There	are	few	reports	of	the	application	of	graphene	as	TC	in	the	photoanode	of	tin	oxide-free	

DSCs.	In	2014,	a	TiO2-DSC	using		CVD-graphene	on	Pt	grids	(σdc/op≈107)	was	reported	with	a	0.4%	efficiency	

5.	The	same	year	another	study	on	CVD-graphene	(σdc/op=2.2-4.5)	reported	a	2%	efficiency	TiO2-DSC	
6.	The	

only	work	that	directly	compared	the	performance	of	the	rGO	(σdc/op=1.22)	with	FTO	was	published	in	2008,	

reporting	a	TiO2	-DSCs	with	0.26%	efficiency,	lower	than	their	FTO	reference	cell	
4.	To	our	knowledge,	there	

has	been	no	report	of	equal	or	better	performance	for	a	graphene-photoanode	compared	to	a	tin	oxide-

photoanode	 fabricated	 and	 tested	 under	 identical	 conditions.	 These	 previous	 reports	 whether	 did	 not	

provide	comparison	to	FTO	reference	DSCs,	or	reported	a	lower	efficiency	when	compared.	The	stacking	of	

high	quality	pristine	CVD-graphene	here	used	proofs	to	be	a	promising	approach	to	produce	TCs	for	large	

scale	applications,	with	higher	σdc/op	than	rGO	or	CNT,	and	lower	cost	than	other	strategies,	like	the	use	of	

metal	grids.		
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2.5. Conclusions	

	

Figure	2.10. Graphene	is	a	competitive	alternative	to	replace	tin	oxides	as	transparent	conductor	in	solar	cells,	its	
manufacturing	can	be	made	more	sustainable,	and	the	same	performance	is	observed	in	DSC	application,	despite	

the	graphene	film	having	a	thickness	two	orders	of	magnitude	smaller	than	its	counterpart	

The	results	demonstrate	that	high	quality	4LG	can	compete	in	performance	with	FTO	for	application	as	

TC	 in	 the	 photoanode	 of	 DSCs.	 Annealing	 of	 the	 assembled	 ZG	 hybrid	 in	 inert	 atmosphere	was	 found	

fundamental	 for	 the	 efficient	 functioning	 of	 the	 cells,	 as	 it	 prevented	 oxidation	 of	 graphene	 at	 high	

temperatures.	The	devices	fabricated	with	ZG	delivered	the	same	PCE	as	ZF,	even	though	the	thickness	of	

4LG	was	only	0.3%	of	the	FTO	thickness.	4LG	is	more	transparent	to	all	the	solar	spectrum	and	up	to	25%	

more	in	the	UV	range,	resulting	in	cells	with	larger	Voc	and	Jsc.	Larger	internal	losses	in	ZG	cells,	demonstrated	

by	 a	 lower	 FF	 in	 comparison	 to	 FTO	 cells,	were	 found	 to	be	 caused	by	 graphene’s	higher	R�.	 Replacing	

traditional	 tin	oxides	with	graphene	 in	TCs	would	allow	to	reduce	the	costs	of	raw	materials,	shrink	the	

weight	and	thickness	of	the	devices	and	mitigate	the	environmental	and	social	impact	of	their	production,	

while	 meeting	 industry’s	 technical	 requirements	 to	 advance	 towards	 flexible	 portable	 devices.	 The	

approach	 of	 stacking	 high	 quality	 pristine	 CVD-graphene	 is	 promising	 to	 produce	 TCs	 for	 large	 scale	

applications,	with	higher	σdc/op	than	rGO	or	CNT,	and	lower	cost	than	metal	grids.	Our	ongoing	efforts	are	

focused	on	optimizing	the	design	of	the	ZG	hybrid	for	 improving	the	power	conversion	efficiency	of	the	

devices,	 and	 on	 replacing	 the	 synthetic	 dyes	 with	 photoactive	 biomolecules,	 to	 advance	 towards	

sustainable	biophotovoltaics.		
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Chapter	II:		
Characterization	of	the	Heterojunction	Microstructure	for	

Electrodeposited	Vertical	ZnO	Nanorods	on	CVD-Graphene			

Abstract	

A	low-cost	heterostructure	of	a	wide-bandgap	nanostructured	semiconductor	on	top	of	a	transparent	

conductor	 (TC)	 fabricated	 from	 abundant	 sustainable	 materials	 is	 of	 great	 interest	 for	 optoelectronic	

devices,	 such	 as	 heterojunction	 photovoltaic	 cells.	 Due	 to	 its	 high	 optical	 transparency	 and	 electron	

mobility,	graphene	is	an	attractive	carbon-based	material	to	replace	the	traditional	TCs	(i.e.	ITO).	However,	

for	the	industrial	application	of	graphene	as	TC,it	is	necessary	to	interface	it	with	other	materials,	like	oxides,	

while	maintaining	the	sp2	carbon	network	that	provides	its	excellent	electronic	properties.	We	report	the	

electrodeposition	of	ZnO	on	graphene	optimized	to	obtain	a	textured	layer	of	vertically	aligned	crystalline	

semiconducting	nanorods	(ZVNRs)	evenly	coating	the	graphene	surface.	Lattice	distortions	and	mosaicity	in	

the	crystals	 indicate	that	the	ZVNRs	grow	under	out-of-plane	compressive	strain.	The	stability	of	the	sp2	

network	of	graphene	during	 in	situ	growth	of	ZnO	 is	demonstrated	using	Raman	spectroscopy	from	the	

front	 and	 backside	 of	 the	 heterostructure,	 in	 a	 novel	 approach	 to	 investigate	 junctions	 of	 2D-3D	

nanomaterials.	Despite	the	structural	stability	of	graphene,	 its	sheet	resistance	(R�)	 is	 found	to	 increase	

with	 ZVNRs	 electrodeposition,	 which	 can	 be	 attributed	 to	 reduction	 of	 mobility	 due	 to	 charge	 carrier	

scattering,	 reduction	 of	 carrier	 concentration	 due	 to	 doping	 or	 interfacial	 strain.	 The	 cathodic	

electrodeposition	is	an	effective	and	versatile	method	to	grow	crystalline	nanostructures	in	the	surface	of	

single	layer-graphene	while	protecting	its	sp2	hybridization,	while	it	provides	relative	fast	deposition	rates,	

affordability,	and	low	processing	temperatures	that	would	allow	the	use	of	polymeric	flexible	substrates.	

These	 findings	 on	 interfacial	 properties	 are	 important	 to	 advance	 the	 functionality	 of	 graphene	 as	 TC	

material	and	develop	nano-heterostructures	for	myriad	technological	applications.		 	



	

	
54	

3.1. Introduction	

An	array	of	vertically-aligned	ZnO	nanorods	on	graphene	(ZVNR/G)	is	a	heterostructure	of	great	interest	

for	 applications	 in	 next-generation	 flexible	 optoelectronics	 including	 photovoltaics,	 displays	 and	 smart	

windows,	as	well	as	piezoelectric	nanogenerators	and	sensors	1-3.	1D	semiconductor	nanostructures	provide	

space-confinement	for	electrical	charges	4	and	large	surface	area	for	light	scattering	and	absorption,	while	

allowing	minority	charge	carriers	to	move	radially	towards	the	junction	before	recombination	occurs.	This	

is	especially	useful	for	inexpensive	materials	with	high	crystal	defects	density	and	short	diffusion	length	4,	5.	

Nanostructured	 ZnO	 and	 TiO2	 are	 leading	 low-cost	 semiconductors	 used	 in	 the	 photoanode	 of	

heterojunction	solar	cells,	 in	which	they	are	sensitized	with	photoactive	materials	 like	dyes,	perovskites,	

quantum	 dots,	 polymers,	 plasmonic	 nanoparticles	 and	 biomolecules	 to	 expand	 their	 solar	 spectrum	

absorbance	range6-12.	Such	photoanodes	are	built	on	the	surface	of	a	transparent	conductor	(TC)	whose	

function	is	to	collect	the	generated	electrons	and	transport	them	to	the	external	circuit	of	the	solar	cell.	

The	current	market	of	TCs	is	primarily	comprised	of	doped	tin	oxides,	which	are	brittle,	costly,	pose	health	

hazards	and	are	partly	produced	from	conflict	minerals	like	cassiterite	13,	14.	For	these	reasons,	there	are	

growing	efforts	to	find	convenient,	affordable	and	sustainable	TC	alternatives.	ZnO	itself	has	been	proposed	

as	 TC,	 but	 the	 performance	 is	 limited	 by	 its	 low	 charge	 carrier	 mobility.	 Approaches	 to	 increase	 ZnO	

mobility,	 such	as	aluminum	doping	 (i.e.	AZO	coatings)	have	even	 reached	successful	 commercial	 scales,	

demonstrating	the	need	in	the	market	for	cost-effective	alternatives	15,	16.	The	use	of	a	graphene	layer	under	

the	ZnO	film	has	been	shown	to	be	effective	in	increasing	the	intrinsic	mobility	of	ZnO	17.	The	application	of	

graphene	 as	 TC	 in	 solar	 cells	 has	 experienced	 a	 tremendous	 growth	 in	 recent	 years,	 due	 to	 its	 high	

transparency	and	charge	carrier	mobility	18,	19.	Recently,	for	example,	a	semitransparent	and	flexible	solar	

cell	 fabricated	with	 all-graphene	 electrodes	was	 reported	 20.	 The	 experimental	 studies	with	 the	model	

ZVNR/G	system	are	of	great	importance	for	the	field	of	graphene	hybrids	in	general.		
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Many	 challenges	 need	 to	 be	 addressed	 before	 heterostructures	 of	 graphene	 and	 oxides	 achieve	

industrial	 scale	 production.	 The	 preservation	 of	 electronic	 properties	 may	 be	 relevant	 when	making	 a	

graphene-based	heterostructure.	The	sheet	resistance	allows	to	easily	monitor	the	electronic	transport	in	

graphene	during	hybridization,	and	is	correlated	to	the	effective	mobility	(μ),	the	film	thickness	(t),	and	the	

majority	carrier	density	(n),	according	to	Equation	3.1.	

R� = (qμnt)-1	 	 Equation	3.1	

Where	q	is	the	electron	charge	21.	Since	the	majority	of	the	atoms	in	graphene	are	on	the	surface,	the	

sp2	network	that	provide	its	outstanding	mobility	is	jeopardized	by	the	interface	formation	with	an	oxide	22.	

Therefore,	 graphene	 instability	 in	oxidizing	 conditions	 limits	 the	methods	 that	 can	be	used	 to	 fabricate	

hybrids,	such	as	chemical	vapor	deposition	at	high	temperature	(>400˚C)	in	air	23.		The	in	situ	synthesis	of	

ZnO	nanostructures	can	be	done	by	methods	more	compatible	with	graphene	than	its	counterpart,	TiO2.	

ZnO	also	surpasses	TiO2	in	terms	of	electron	mobility	4,	24.	The	electronic	band	structure	of	graphene	and	

ZnO	is	favorable	for	electron	transport	at	the	interface,	because	the	work	function	of	ZnO	(~5.3eV)	is	larger	

or	equal	to	that	of	graphene	(~4.4-5.3eV),	resulting	in	ohmic	contact	25.	

Cathodic	electrodeposition	is	an	in-situ	approach	to	grow	ZVNRs	on	graphene	that	is	simple,	affordable	and	

fast.	 Figure	 3.1	 illustrates	 the	 experimental	 setup	 and	 reaction	 mechanisms	 taking	 place	 during	 ZnO	

electrodeposition.	

	

Figure	3.1. Schematics	of	electrodeposition	setup	and	reaction	mechanisms	for	in	situ	growth	of	ZVNRs	on	
graphene	
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The	 generation	 of	 OH-	 ions	 in	 the	 negatively	 charged	 graphene	 surface	 increases	 the	 pH	 near	 the	

cathode,	causing	the	zinc	ions	to	react	with	hydroxyl	ions	and	resulting	in	the	precipitation	of	ZnO,	leading	

to	deposition	on	the	substrate	according	to	Equations	2	and	3	26,	27.	

𝑁𝑂$% + 𝐻(𝑂 + 2𝑒% → 𝑁𝑂(% + 2𝑂𝐻%	 	 Equation	2	

𝑍𝑛(. + 2𝑂𝐻% /012
𝑍𝑛𝑂 + 𝐻(𝑂	 	 Equation	3	

Cathodic	electrodeposition	avoids	the	exposure	of	graphene	to	oxidizing	conditions,	surpassing	other	

methods	 like	metal-organic	 vapor	 phase	 epitaxy,	 hydrothermal	 and	 chemical	 vapor	 deposition	 25,	 28,	 29.	

Furthermore,	the	structural	characteristics	of	the	ZVNR/G,	such	as	crystallinity,	texture	and	density,	can	be	

easily	controlled	by	changing	the	electrodeposition	variables.	

The	electrodeposition	of	ZnO	on	reduced	graphene	oxide	(rGO)	and	partially	oxidized	bi-layer	chemical	

vapor	deposition	 (CVD)-graphene	were	 initial	 approaches	 to	produce	 the	 ZVNR/G	heterostructure	 30,	31.	

However,	these	graphene	varieties	presented	poor	performance	as	optoelectronic	materials	due	to	their	

limitations	 of	 low	mobility,	 lower	 optical	 transmittance,	 high	 interlayer	 resistance	 between	 rGO	 flakes,	

oxygen	defects	and	rupture	of	the	sp2	bond.	Pristine	CVD-graphene	has	better	optoelectronic	properties	

for	the	application	as	TC	32	and	its	use	as	substrate	for	ZVNR	electrodeposition	has	been	reported	recently	

33.	 The	 use	 of	 pristine	 CVD-graphene	 has	 additional	 advantages	 because	 the	 basal	 plane	 of	 graphitic	

materials	displays	slower	rates	of	charge	transfer	with	redox	mediators	than	rGO	or	oxidized	varieties	of	

graphene	 34,	 resulting	 in	 reduced	 recombination	 losses	 as	 photoanode	 platform	 for	 heterojunction	

photovoltaic	devices.		

In	 this	 work,	 the	 electrodeposition	 of	 ZnO	 on	 high-quality	 CVD-graphene	 has	 been	 optimized	 to	

obtain	a	continuous	array	of	ZVNRs	and	the	resulting	heterostructure	is	characterized.	The	structure	of	

the	ZVNRs	is	determined	by	XRD,	SEM	and	selected	area	electron	diffraction	(SAED)	in	Transmission	Electron	

Microscope	(TEM).	The	structure	of	graphene	is	studied	by	Raman	spectroscopy	from	both	sides	of	the	

junction,	 in	 a	 novel	 approach	 to	 characterize	 2D-3D	 heterostructures	 of	 nanomaterials.	 The	 sheet	
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resistance	 of	 the	 graphene	 is	 monitored	 to	 understand	 the	 effect	 of	 the	 ZnO	 growth	 on	 the	 electron	

transport	 across	 the	 TC.	 This	 work	 contributes	 to	 the	 development	 of	 the	 ZVNR/G	 hybrid	 from	 an	

application	 perspective.	 This	 heterostructure	 can	 be	 synthesized	 from	 abundant	 resources	 by	 low-cost	

methods	with	myriad	applications	in	flexible	optoelectronic	and	other	transducing	devices.	

	

3.2. Experimental	Procedures	

The	continuous	graphene	film	was	grown	on	Cu	foil	using	ambient-pressure	CVD,	with	diluted	methane	

as	 carbon	 source	 (»90ppm)	 35.	 The	 CVD-graphene	 was	 spin-coated	 on	 one	 side	 with	 PMMA.	 1LG	 was	

prepared	 following	 the	 details	 on	 graphene	 synthesis	 described	 in	 section	 2.2.1.	 The	 samples	 for	

characterization	from	top-	and	back-side	of	the	heterostructure	were	prepared	as	illustrated	in	Figure	3.2.	

For	the	top	side	analysis,	the	copper	was	etched	in	FeCl3	and	the	graphene/PMMA	film	was	transferred	

onto	 a	 clean	 glass	 substrate,	with	 the	 graphene	 in	 contact	with	 the	 glass.	 The	 PMMA	was	 dissolved	 in	

acetone	and	a	Cr/Au	contacts	were	e-beam	evaporated.	The	ZVNRs	carpet	was	electrodeposited	from	a	

10mM	Zn(NO3)2	 aqueous	 solution	on	 the	 negatively	 biased	 graphene	using	 a	 CHI	 660C	 electrochemical	

station	 and	 a	 three-electrode	 configuration	 with	 Pt	 counterlectrode	 and	 Ag/AgClsat´d	 KCl	 reference	

electrode,	as	illustrated	in	Figure	3.1.	PMMA	was	used	as	dielectric	coating	to	prevent	electrodeposition	on	

the	metallic	contact,	which	would	hinder	ZnO	growth	on	the	graphene.	The	galvanostatic	deposition	was	

applied	 for	 30	 minutes	 while	 stirring.	 The	 current	 density	 was	 optimized	 for	 the	 best	 quality	 crystals,	

considering	that	ZVNRs	morphology	is	obtained	on	graphene	between	0.1	and	1	mA/cm2	at	75˚C	26.	For	the	

back-side	characterization,	the	floating	graphene/PMMA	film	was	scooped	to	a	polystyrene	(PS)	sheet	with	

the	PMMA	in	contact	with	the	PS	36.	The	copper	was	etched	in	FeCl3	and	the	metallic	contacts	were	e-beam	

evaporated.	Then	the	ZVNR	carpet	was	electrodeposited	on	top	following	same	conditions	as	described	

above.	 The	 top-side	 of	 the	 graphene/ZVNR	was	 then	 coated	 with	 PDMS,	 and	 the	 sacrificial	 PMMA/PS	

dissolved	in	acetone,	leaving	the	backside	of	the	graphene	exposed	for	characterization.		
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Figure	3.2. Schematics	of	ZVNR/Graphene	heterostructure	preparation	for	interface	characterization	

	

The	structure	of	the	ZVNR/G	was	characterized	using	X-Ray	diffraction,	Raman	spectroscopy,	scanning	

electron	microscopy	(SEM)	and	selected	area	electron	diffraction	(SAED).		XRD	measurements	were	taken	

at	room	temperature	with	the	Empyrean	diffractometer	from	Panalytical,	using	a	copper	anode	at	40	mA	

and	45	kV	and	step	size	of	0.0260°.	The	Raman	spectra	were	obtained	using	a	Horiba	Scientific	LabRam	

Monochromator	equipped	with	a	532	nm	laser.	SEM	was	performed	using	the	FEI	NovaNanoSEM	450.	The	

ZVNRs	were	scraped	off	and	sonicated	in	water	for	SAED,	which	was	obtained	with	an	FEI	Tecnai12	TEM	at	

120kV.	The	𝑅�	of	graphene	was	calculated	from	the	bulk	resistance	(𝑅4)	of	a	two-terminal	device	on	glass	

with	the	formula	𝑅� = RB ∙W L		,	where	W	is	the	width	of	the	graphene	area	and	L	as	the	length	between	

contacts,	method	that	was	validated	against	four-point	measurements.		
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3.3. Results		

The	 in	 situ	 growth	 of	 1D	 ZnO	 nanostructures	 on	 graphene	 was	 performed	 with	 galvanostatic	

electrodeposition.	 The	 effect	 of	 the	 current	 density	 on	 the	 ZnO	 morphology	 is	 observed	 in	 the	 SEM	

micrographs	of	Figure	3.3(a-c)	and	on	its	crystal	structure	by	XRD	in	Figure	3.3(e).	The	XRD	spectra	were	

indexed	 to	 the	 ZnO	wurtzite	 crystal	 structure	 (JCDP	 36-1451),	 with	 the	 hexagonal	 space	 group	 P63mc	

(a=b=3.25	Å,	c=5.21	Å,	a=b=90°,	g=120°).	At	0.3	mA/cm2	the	ZVNRs	grow	with	low	crystallinity	and	poor	

alignment.	As	the	current	density	is	increased	to	0.4	mA/cm2	the	crystallinity	and	texture	of	the	material	

increases,	with	the	(0001)	plane	predominant	in	the	diffractogram,	parallel	to	the	graphene’s	surface.	Very	

weak	diffraction	peaks	corresponding	to	the	ZnO	(1011)	and	(1010)	planes	are	also	observed,	which	arise	

from	slightly	 tilted	nanorods.	At	 the	highest	current	density	of	0.5	mA/cm2	the	ZnO	film	still	 shows	high	

crystallinity	 and	 texture	but	a	new	hollow	morphology	of	 vertically-aligned	nanotubes	appears	 (ZVNTs).	

Lower	current	densities	have	been	correlated	to	crystal	nucleation	in	the	electrolyte,	and	later	anchoring	

of	the	grown	nanoparticles	on	the	electrode	surface,	which	could	result	in	the	random	orientation	of	the	

NRs	observed	at	0.3mA/cm2.	As	the	current	density	is	increased	to	0.4mA/cm2,	ZnO	supersaturates	faster	

in	the	precursor	solution,	and	nucleation	occurs	directly	on	the	electrode,	resulting	in	heteroepitaxy	and	a	

more	organized	 ZVNRs	 array.	 Alternating	 layers	 of	 Zn+	 and	O-	 are	 deposited	 as	 shown	 in	Figure	 3.3(d),	

attracted	towards	the	c-plane	due	to	its	strong	polarity,	resulting	in	anisotropic	growth	of	solid	ZVNRs	in	

the	c-direction	27,	37.	When	higher	current	density	of	0.5mA/cm2	is	applied,	the	axial	screw	dislocation	crystal	

becomes	the	growth	driving	force,	as	shown	in	Figure	3.3(d).	The	self-perpetuating	growth	spirals	enable	

anisotropic	growth,	and	the	dislocation	strain	energy	overcomes	the	surface	energy	required	for	filling	the	

inner	surface,	forming	hollow	ZVNTs	spontaneously,	a	mechanism	observed	at	low	precursor	concentration	

in	hydrothermal	growth	38.	The	current	density	of	0.5mA/cm2	drives	faster	reaction	rates	that	rapidly	reduce	

the	precursor	ions	concentration	close	to	the	surface,	resulting	in	the	observed	tubular	morphology.	The	

current	density	of	0.4	mA/cm2	was	chosen	for	further	studying	the	highly	crystalline	and	textured	layer	of	
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solid	ZVNRs	on	graphene.	However,	the	hybrid	of	ZVNTs/G	results	interesting	for	future	study,	as	tubular	

solar	cells	have	been	reported	in	literature	to	yield	2.7-fold	increase	in	efficiency	compared	to	the	original	

solid	nanorods	39.	

	

Figure	3.3. SEM	micrographs	of	ZnO	nanostructures	electrodeposited	on	graphene	with	different	current	densities	
(a)	0.3mA/cm2,	(b)	0.4mA/cm2,	(c)	0.5mA/cm2.	Scale	bar	500nm.	(d)	Schematics	of	the	nanostructures	obtained	and	

their	(e)	X-ray	diffractograms,	background	gold	peak	corresponds	to	electric	contacts.	

The	potential	as	a	function	of	time	during	galvanostatic	deposition	of	vertically-aligned	ZnO	nanorods	

(ZVNRs)	 with	 current	 density	 of	 0.4mA/cm2,	 precursor	 concentration	 of	 10	 mM	 Zn(NO3)2,	 mixing	 and	

temperature	of	75°C	is	illustrated	in	Figure	3.4.	The	reaction	starts	at	relatively	low	potential,	corresponding	

to	the	nucleation	phase,	followed	by	a	steady	potential	of	~	-0.9	V	vs	Ag/AgClsat’d	KCl	after	~	120	s	at	which	

the	 growth	 stage	 takes	 over.	 At	 this	 current	 density,	 solubility	 of	 ZnO	 fastly	 saturates	 in	 the	 precursor	

solution,	and	nucleation	occurs	directly	on	the	electrode37.	

	

Figure	3.4. Electrode	potential	as	a	function	of	time	during	galvanostatic	deposition	of	vertically-aligned	ZnO	
nanorods	(ZVNRs)	with	current	density	of	0.4mA/cm2,	precursor	concentration	of	10	mM	Zn(NO3)2,	mixing	and	

temperature	of	75°C.	
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The	SEM	micrographs	of	the	ZVNR/G	electrodeposited	at	0.4	mA/cm2	observed	from	the	top-side	and	

cross-section	of	the	heterojunction	are	shown	in	Figures	3.5(a-d).	The	anisotropic	growth	of	the	ZnO	results	

in	 a	 texturized	 film	 of	 vertically	 aligned	 hexagonal	 crystals.	 The	 obtained	 alignment	 is	 ascribed	 to	 the	

heteroepitaxial	growth	of	the	ZnO	nanostructures	on	graphene	40,	41.	In	the	VNRs,	the	{0001}	faces	of	the	

crystals	 are	 rough,	 due	 to	 rapid	 growth	 along	 the	 c	axis.	 In	 contrast,	 prismatic	 faces,	 corresponding	 to	

0110 	or		 2110 ,	are	smooth	and	well-developed,	due	to	slow	growth,	and	reveal	the	lamellar	structure	

of	the	Zn+	and	O-	ionic	layers	that	stack	up	along	the	0001	direction	27.	The	backside	of	the	junction	is	also	

observed	in	SEM	micrograph	in	Figure	4(e),	showing	the	flat	morphology	of	graphene	and	a	crack	through	

which	the	ZVNRs	can	be	seen	on	the	other	side.	The	homogeneous	contrast	of	 the	surface	 indicates	an	

evenly	covered	graphene,	a	desirable	feature	for	preventing	shunt	contact	of	the	graphene	with	the	hole	

acceptor	in	p-n	junction	device	applications.		

	

Figure	3.5. ZVNR/Graphene	hybrid	grown	by	electrodeposition	(a)	top-view	and	(b)	cross-section	of	the	
heterostructure,	(c)	close-up	of	the	walls	of	the	nanorods,	(d)	close-up	of	the	tip	of	the	nanorods,	(e)	backside	of	

the	heterotructure.		

The	density	of	ZVNRs	grown	on	the	graphene	from	10mM	Zn(NO3)2	was	3.4	x	10
8	/cm2,	with	diameter	

of	364	±	48	nm,	length	of	0.9	±	0.1	µm	and	surface	to	volume	ratio	estimated	to	be	13.8	/µm.	The	diameters	

here	obtained	were	larger	than	the	200nm	ZVNRs	electrodeposited	on	rGO	30,	probably	because	they	used	

a	lower	concentration	of	1mM	ZnCl2	salt	and	deposited	a	seed	layer	before	growth.	Our	ZVNRs	also	had	
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larger	diameter	than	the	250nm	ZVNRs	grown	on	oxidized	CVD-graphene	from	5mM	Zn(NO3)2	
31,	for	which	

no	seed	layer	was	used.	These	results	support	the	mechanism	proposed	for	the	ZnO	deposition	on	graphene	

in	which	the	hydroxyl	groups	(OH−)	contained	in	the	solution	attach	to	the	defect	sites,	leading	to	nucleation	

and	growth	42.	The	rGO	surface	offers	higher	density	of	defects	 than	pristine	CVD-graphene,	 that	act	as	

electroactive	sites,	for	example,	rGO	has	heterogeneous	electron	transfer	rates	in	Fe(CN)6
3−/4−	that	are	104	

times	faster	than	CVD-graphene	34.	Because	the	defect	density	of	the	pristine	CVD-graphene	is	lower	than	

rGO	 or	 oxidized	 graphene,	 the	 nanorod	 density	 obtained	 is	 lower	 too.	 The	 use	 of	 seed	 layer	 or	 other	

functional	groups	on	the	surface	of	graphene	would	reduce	the	diameter	and	increase	the	density	of	the	

VNRs,	which	 is	 desirable	 for	 applications	 of	 large	 surface	 area-nanostructured	 semiconductors.	Using	 a	

pristine	graphene	with	low	defect	density	allows	to	maximize	the	mobility	along	the	graphene	sp2	network,	

therefore	oxidation	steps	are	undesirable	for	electronic	application	of	the	hybrid.		

A	characteristic	crystal	distortion	in	the	ZVNRs/G	is	displayed	in	Figures	3.6(a-f)	with	red	arrows,	where	

the	ZVNRs	become	tapered	close	to	the	base.	This	distortion	indicate	that	the	ZnO	grow	in	compressive	

pseudomorphic	epitaxy	on	graphene,	supporting	the	ZnO/G	interface	structure	previously	predicted	40.	The	

lattice	mismatch	generates	a	compressive	strain	on	the	ZVNR	film	for	the	in-plane	direction	and	a	tensile	

strain	 for	 the	out-of-plane	direction.	Such	atomic	arrangement	 is	not	 in	equilibrium,	and	after	a	 critical	

thickness	value,	the	lattice	of	the	ZnO	film	relaxes	to	its	bulk	dimensions,	accompanied	by	distortion	of	the	

crystal	shape	43,	as	shown	in	the	TEM	micrograph	in	Figure	3.6(g).	NRs	of	smaller	dimensions	are	expected	

to	result	in	coherent	mismatch	strain	relief,	but	due	to	relatively	large	diameter	of	our	ZVNRs,	the	lattice	

mismatch	strain	is	accommodated	with	misfit	dislocations	that	form	steps	in	the	crystal	shape	44.		
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Figure	3.6. (a-f)	SEM	micrographs	of	crystal	distortion	in	electrodeposited	VNRs	on	graphene	indicated	by	red	
arrows,	and	quasi-parallel	crystal	growth	in	green	(g)	bright-field	TEM	micrograph	and	dimensions	of	a	

monocrystalline	ZVNR	grown	on	graphene	(h-i)	Electron	diffraction	patterns	and	bright-field	TEM	images	for	ZVNRs.	
Scale	bars	200nm	

Selected	 area	 electron	 diffraction	 (SAED)	was	 used	 to	 determine	 the	 crystal	 structure	 of	 individual	

ZVNRs.	A	fraction	of	the	ZVNRs	yielded	a	diffraction	pattern	with	resolved	individual	diffraction	spots,	like	

the	one	shown	in	Figure	3.6(h),	corresponding	to	single	crystalline	wurtzite	structure	taken	with	electron	

beam	parallel	 to	 the	[1216] 	zone	axis.	Other	VNRs	produced	a	diffraction	pattern	 like	 the	one	 in	Figure	

3.6(i)	near	the	[0001]	zone	of	wurtzite,	that	displays	a	broadening	of	the	diffraction	spots	streaking	into	

arcs,	which	is	known	as	mosaicity.	A	mosaic	crystal	consists	of	numerous	smaller	perfect	crystals	with	slight	

misalignment	and	is	characteristic	of	strained	lattices.	The	spread	of	spot	intensity	profile	in	the	azimuthal	

direction	corresponds	to	the	grain	twist	component,	caused	by	a	rotation	about	the	c-axis,	reported	for	

other	wurtzite	systems	in	literature	and	thought	to	arise	from	edge	dislocation	and	oxygen-related	strain-

relieving	 defects	 45,	 46,	 which	 are	 expected	 from	 the	 lattice	mismatched	 interface	 of	 ZVNR/G.	 The	 2-3˚	

mosaicity	here	obtained	indicates	narrow	spread	of	grain	orientation.	SEM	micrographs	in	Figures	3.6(a,b)	

show	 crystal	 defects	with	 green	 arrows	 that	 support	 the	 proposed	 quasi-parallel	 crystal	 growth	 in	 the	

0001 	direction.	Our	results	are	consistent	with	recent	reports	of	ZnO	atomic	layer	deposition	(ALD)	on	
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different	substrates,	where	mosaicity	appears	under	compressive	pseudomorphic	growth,	as	on	SiC	47.	The	

obtained	 crystalline	 structure	 provides	 a	 fast	 and	 easy	 path	 for	 photoelectron	 extraction	 along	 the	 c-

direction,	 because	 of	 the	 absence	 of	 grain	 boundaries,	 which	 is	 an	 advantage	 over	 NP	 arrays	 for	

optoelectronic	applications	4.	

In	 Figure	 3.7	 it	 can	 be	 observed	 that	 the	 strain	 challenges	 the	 adhesion	 at	 the	 interfaces	 and	 the	

mechanical	 stability	 of	 the	 film	 resulting	 in	 delamination.	 This	 is	 especially	 observed	 when	 the	

heterostructure	is	brought	in	contact	with	water	for	rinsing,	probably	due	to	the	hydrophilicity	of	glass	and	

poor	 bond	 energy	 between	 glass	 and	 graphene.	 This	 challenge	 could	 be	 overcome	 by	 using	 a	 soft	

hydrophobic	polymer	substrate	instead	of	glass,	that	would	partially	absorb	the	strain	of	the	film	with	its	

flexibility,	or	by	functionalizing	the	glass	with	graphene-binding	molecules.	

	

Figure	3.7. The	mechanical	failure	observed	for	the	ZVNR/G	hybrid	(peeling-off),	consistent	with	an	in-plane	
compressive	and	out-of-plane	tensile	strain	due	to	the	lattice	mismatch	of	graphene	and	ZnO	in	a	heteroepitaxial	

thin	film	growth	

The	extreme	thinness	of	2D	materials	makes	it	difficult	to	identify	defects,	even	with	electron	beam,	

and	our	SEM	characterization	failed	to	provide	information	about	the	structure	of	0.3	nm-thick	graphene	

after	ZnO	electrodeposition.	Optical	spectroscopic	techniques	are	more	revealing	to	determine	damage	of	

2D	materials	 crystal	 structure	 48.	 The	prevalence	of	 the	 sp2	 structure	of	 the	CVD-graphene	 is	 therefore	

studied	with	Raman	shift	spectra,	as	shown	in	Figure	3.8(a),	from	the	top-	and	back-sides	of	the	junction.	A	

1	mm	 100	µm	 10	µm	
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PDMS	substrate	is	used	to	obtain	the	spectrum	from	the	backside	of	the	heterostructure,	which	introduces	

additional	 peaks	 that	 are	 shown	 in	 the	 reference	 red	 spectrum.	 The	 spectra	 of	 ZVNR/G	 exhibit	 the	

characteristic	fingerprint	of	both	materials.	The	peaks	for	ZnO	hexagonal	wurtzite	nanostructures	below	

500cm-1	correspond	to	a	sharp	and	intense	E2	peak	centered	around	437	cm−1	denoting	the	wurtzite	lattice	

of	 ZnO	 nanorods,	 and	 a	 broad	 peak	 around	 330	 cm−1,	 attributed	 to	 a	 second-order	 Raman	 scattering	

processes	49.	The	characteristic	peaks	for	graphene	are	displayed	from	both	sides	of	the	junction.	The	G	

peak	is	observed	at	~1590	cm-1	that	corresponds	to	the	bond	stretching	of	all	pairs	of	sp2	atoms	in	both	

rings	and	chains,	and	the	second	order	2D	peak	at	~2690	cm-1	corresponding	to	E2g-vibration	mode	of	sp2	

carbon50.	The	ratio	of	I2D/IG	was	variable	along	the	surface	from	0.8	to	4,	indicating	a	continuous	single	layer	

graphene,	with	patches	of	2-	and	3-layer	graphene	nuclei,	typical	of	CVD-graphene	51.	The	position	of	G	and	

2D	peaks	didn´t	change	after	the	ZVNR	growth.	The	D	peak	at	1350,	correlated	to	structure	defects	of	sp3	

domain,	is	mostly	absent	from	the	top-side,	and	from	the	backside	the	average	ratio	of	D	to	G	peak	(ID/IG)	

was	0.08	±	0.05.	In	comparison,	the	ID/IG	for	pristine	CVD-graphene	has	been	reported	to	increase	above	1	

after	hydrothermal	growth	of	VNRs,	attributed	to	generation	of	defects	52.	Exposure	to	oxygen	plasma	for	

1s	resulted	in	ID/IG	ratio	of	~1.7	
53	and	exposure	to	UV-ozone	treatment	for	5	min	increased	the	ID/IG	to	~1.2	

54.	The	low	relative	intensity	of	the	D	peak	after	ZnO	electrodeposition	is	indicative	of	the	retention	of	the	

pristine	structure	of	graphene.	The	low	ID/IG	ratio	also	indicates	that	the	two	materials	are	held	together	by	

physical	 forces	 rather	 than	 by	 chemical	 bond,	 even	 though	 the	 graphene-ZnO	 bond	 prepared	 by	

hydrothermal	has	been	observed	to	be	very	strong,	with	higher	experimental	and	theoretical	mechanical	

stability	than	the	ZnO-SiO2	bond	
41.	
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Figure	3.8. a)	Raman	shift	spectra	for	ZVNR/G	hybrid	taken	from	the	top	and	bottom	sides	of	the	heterostructure	
b)	schematic	of	experimental	measurement	and	c)	R☐	change	for	graphene	after	deposition	of	ZnO	

The	sheet	resistance	of	the	graphene	was	monitored	experimentally	with	the	R☐	of	2-terminal	devices	

before	and	after	ZnO	electrodeposition,	as	shown	in	Figure	3.8(b,c).	Even	though	no	significant	damage	to	

the	 sp2	 network	 was	 detected	 with	 Raman	 spectroscopy,	 an	 increase	 of	 R☐	 between	 65-108%	 was	

measured.	In	comparison,	exposure	to	UV-ozone	treatment	for	5	min	has	been	reported	to	increase	the	R☐	

by	more	 than	one	order	of	magnitude	 54.	 The	 increase	of	R☐	 for	 graphene	 could	be	explain	on	base	of	

Equation	3.1,	caused	by	a	reduction	of	mobility	µ	due	to	the	ZVNRs	acting	as	scattering	centers	 for	the	

carriers	that	travel	along	the	surface	of	graphene,	which	is	a	general	phenomenon	predicted	for	graphene	

55	and	experimentally	demonstrated	for	the	ZnO/G	system	17.	The	R☐	increase	could	also	be	attributed	to	a	

change	 in	 carrier	 concentration	 due	 to	 doping	 56.	 Density	 functional	 theory	 has	 predicted	 considerable	

charge	transfer	at	the	interface	of	graphene	and	(0001)-terminated	ZnO,	which	would	significantly	modify	

the	 electronic	 properties	 of	 pristine	 graphene.	 Zn-terminated	 surfaces	 are	 predicted	 to	 have	 stronger	

binding	 energies	 than	 O-terminated	 surfaces,	 and	 to	 enrich	 the	 charge	 density	 of	 the	 π-orbital	 of	 the	

graphene	 sheet,	while	O-terminated	 surfaces	would	 induce	hole-doping	 57.	 The	graphene	prepared	and	
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transferred	with	our	methods	is	intrinsically	p-doped,	exhibiting	Dirac	voltages	(VDirac)	of	45	to	65V	as	shown	

in	the	transfer	characteristic	in	Figure	2.1(a),	and	hole	mobility	of	4723	±	621	cm2/V.s	as	shown	in	Figure	

2.1(b).	Therefore,	the	increase	of	R☐	in	this	case	would	be	explained	by	reduction	of	hole	density	due	to	

recombination	 with	 additional	 electrons	 transferred	 from	 the	 Zn-terminated	 surface.	 The	 reduction	 of	

conductance	could	also	be	a	result	of	interface	strain	effects,	which	can	dominate	the	materials	properties,	

especially	for	2D	nanomaterials	58.	

The	in	situ	growth	of	ZVNR	on	graphene	has	been	reported	by	a	variety	of	methods,	but	the	stability	of	

the	carbon	monoatomic	 layer	 is	often	not	 characterized	directly,	and	 remains	unclear	 if	 its	outstanding	

electric	performance	holds	after	hybridization.	For	example,	researchers	concluded	that	graphene	is	not	

damaged	after	ZVNR	growth	by	thermal	CVD	and	MOVPE	in	presence	oxygen	above	400°C	based	on	the	

indirect	technique	of	photoluminescence	that	shows	absence	of	carbon	atoms	incorporated	in	the	ZVNRs	

59,	60.	However,	this	is	not	a	valid	statement,	as	the	graphene	can	oxidize	completely	towards	CO2	in	such	

conditions,	and	still	leave	no	residues	on	the	ZnO.	We	have	found	that	heating	above	400°C	two-terminal	

pristine	CVD-1LG	and	4LG,	as	well	as	ZVNR/1LG	and		ZVNR/4LG	devices,	in	the	presence	of	1%	oxygen	results	

in	open	circuit	failure	in	100%	of	the	cases.	The	rupture	of	the	metal	contact-graphene	contact	has	been	

dismissed	 as	 the	 cause	of	 device	 failure	 by	 re-depositing	 the	Cr/Au	 contact.	 If	 graphene	oxidizes	when	

growing	other	materials	on	 its	surface,	 its	sp2	network	would	be	disrupted	and	 it	would	only	serve	as	a	

buffer	or	sacrificial	substrate	61.	The	application	of	the	ZVNR/G	electrodes	would	still	require	a	conductive	

film,	like	gold	used	in	piezoelectric	nanogenerator	or	sensor	3,	or	ITO	in	solar	cell	62.	Direct	approaches	for	

graphene	 characterization	 during	 interfacing	 with	 other	 materials	 is	 therefore	 crucial	 to	 advance	 its	

application	as	alternative	TC	and	reduce	the	device	cost	and	the	use	of	non-abundant	metals.	We	report	

the	 use	 of	 Raman	 spectroscopy	 from	 both	 sides	 of	 the	 interface	 as	 a	 simple	 and	 useful	 tool	 to	 study	

junctions	of	2D	and	3D	nanomaterials.	We	demonstrate	that	cathodic	electrodeposition	on	graphene	offers	

a	 feasible	 in	 situ	 route	 to	 fabricate	 the	 ZVNR/G	 hybrid,	 and	 graphene-based	 hybrids	 in	 general,	 while	
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preserving	its	sp2	structure.	The	negative	bias	applied	during	electrochemical	processing	seems	to	protect	

graphene	from	defect	introduction,	as	it	has	been	observed	in	electrochemical	delamination	from	metallic	

foils	 63.	 Electrodeposition	 is	 also	 compatible	with	 flexible	 polymer	 substrates,	 due	 to	 low	 temperatures	

required,	and	the	resulting	high	crystallinity	of	ZVNRs	eliminates	the	need	of	further	thermal	processing.	

Moreover,	 electrodeposition	 provides	 fast	 ZVNR	 growth	 rates	 of	 ~2µm/hr	 from	 a	 5-10mM	 Zn(NO3)2	

solution,	according	to	our	results	and	other	report	31,	which	is	another	determining	factor	for	its	application,	

for	example	in	DSSCs,	where	the	optimum	semiconducting	layer	thickness	is	~25µm	64.	ZnO	growth	rates	

on	graphene	substrates	by	electrodeposition	are	much	faster	than	by	hydrothermal	methods	of	0.7µm/hr	

from	25mM	Zn(NO3)2,	which	also	requires	additional	reactants	like	hexamethylenetetramine	65.	ALD	of	ZnO	

has	also	shown	to	preserve	the	sp2	lattice	of	graphene,	however	its	rate	of	growth	is	as	low	as	0.03µm/hr	

66.	 Electrodeposition	 rates	 are	 also	 much	 higher	 than	 those	 reported	 with	 catalyst-free	 CVD/thermal	

evaporation	of	0.1-0.6	µm/hr	29.	The	only	technique	reported	until	now	with	similar	growth	rates	is	MOVPE,	

with	1-4	µm/hr	28,	61,	however,	it	is	performed	in	oxidative	conditions	like	CVD,	which	are	not	compatible	

with	graphene	technology.	Therefore,	electrodeposition	stands	out	as	one	of	the	most	promising	methods	

for	 the	 in	 situ	 fabrication	 of	 ZVNR/G	 heterostructure	 in	 terms	 of	 the	 structure-property-processing	

material	paradigm.	

	

3.4. Conclusions	

A	continuous	carpet	of	single-crystalline	ZVNRs	is	grown	in	situ	on	graphene	by	electrodeposition.	The	

optimized	current	density	for	good	alignment	and	crystallinity	was	found	to	be	0.4mA/cm2.	Lower	current	

densities	result	 in	poor	crystallinity,	while	higher	values	yielded	a	tubular	morphology	attributed	to	 fast	

growth	 kinetics.	 The	 ZnO	 film	 grown	 at	 the	 optimized	 conditions	 is	 a	 continuous	 carpet	 of	 crystalline	

vertically	aligned	nanorods	highly	texturized	in	the	[0001]	direction	with	average	diameters	of	364	nm	and	

growth	rates	of		~2µm/hr	from	a	10mM	Zn(NO3)2	concentration.	The	lattice	mismatch	between	graphene	
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and	ZnO	generates	an	out-of-plane	 strain	 that	 results	 in	mosaicity	 and	 crystal	distortions	 that	 could	be	

attributed	to	misfit	dislocations	in	the	ZVNRs.	The	heterostructure	is	characterized	from	the	two	sides	of	

the	interface	formed	between	the	2D	graphene	and	the	3D	ZVNRs	array	to	monitor	the	stability	of	the	sp2	

carbon	lattice	in	graphene	towards	cathodic	electrodeposition.	The	Raman	shift	spectra	recorded	from	both	

sides	of	the	junction	demonstrate	that	the	electrodeposition	conditions	prevent	graphene	oxidation	and	

the	sp2	network	remains	 intact.	Yet,	an	 increase	of	graphene’s	sheet	resistance	of	68-100%	is	observed,	

which	is	hypothesized	to	occur	because	of	interfacial	strain	effects,	mobility	loss	caused	by	ZVNRs	acting	as	

scattering	 centers	 for	 charge	 carriers,	 or	 doping	 due	 to	 electron	 transfer	 from	 the	 ZnO.	 The	 results	

demonstrate	the	advantages	of	cathodic	electrodeposition	for	 in	situ	growth	of	crystalline	materials	 like	

ZnO	on	graphene,	including	relative	fast	deposition	rates,	low	processing	temperatures	that	would	allow	

the	use	of	polymeric	flexible	substrates,	affordability,	simplicity	and	more	importantly,	preservation	of	the	

sp2	 lattice	 of	 graphene.	 The	 ZnO/graphene	 heterostructures	 have	 potential	 as	 flexible	 platforms	 for	

sustainable	photovoltaic	applications,	including	the	exploration	of	the	nanotubular	morphology	to	increase	

surface	area	of	the	photoanode.	 	
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Chapter	III:		
Electrodeposition	of	ZnO	Nanorods	on	Graphene:	Tuning	the	

Topography	for	Application	as	Tin	Oxide-Free	Photoanode		

		

Abstract	

This	work	focuses	on	the	growth	of	vertically-aligned	zinc	oxide	nanorods	on	a	graphene	substrate	by	

electrodeposition	for	photoanode	application.	This	in	situ	growth	technique	has	potential	for	fabrication	of	

a	wide	variety	of	graphene	heterostructures.	Large	area	graphene	was	grown	by	chemical	vapor	deposition,	

stacked	up	 to	 four	atomic	 layers,	 and	 then	 transferred	 to	glass	 to	 serve	as	a	 tin	oxide-free	 transparent	

conductor	 (TC).	 ZVNRs	 were	 electrodeposited	 on	 the	 graphene-coated	 glass	 and	 the	 topography	 was	

controlled	by	changing	the	electrodeposition	parameters	of	time,	temperature,	stirring,	and	seeding	layer.	

The	scanning	electron	microscopy	of	the	ZVNR/G	topography	allowed	an	understanding	of	the	mechanisms	

controlling	 the	 cathodic	 electrodeposition	 of	 nanocrystals	 on	 graphene.	 The	 effect	 of	 the	 ZVNRs’	

topography	on	the	electron	generation	and	transport	was	studied	for	photoanode	application.	The	charge	

transfer	resistance	and	kinetics	of	 the	materials	as	photoanodes	were	measured	with	the	techniques	of	

linear	sweep	voltammetry,	open	circuit	voltage	decay	and	electrochemical	impedance	spectroscopy.	The	

optimization	of	ZnO	growth	resulted	in	an	increase	of	the	surface-to-volume	ratio	of	the	electrode	from	10	

to	250	um-1.	As	a	result,	a	60-fold	increase	of	electron	lifetime	and	10-fold	increase	in	power	output	was	

achieved,	for	final	short	circuit	current	(Jsc)	of	0.5mA/cm2	and	open	circuit	potential	(Voc)	of	600mV.		
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4.1. Introduction	

A	photoelectrochemical	cell	 (PEC)	 is	a	device	 that	harvests	 sunlight	 to	convert	 it	 into	other	 forms	of	

energy	such	as	chemical	or	electrical.	A	PEC	is	based	on	a	photoanode	connected	to	a	counter	electrode	via	

an	electrolyte.	The	photoanode	absorbs	the	photons	and	drives	oxidation	reactions	of	a	mediator	in	the	

electrolyte,	 which	 are	 regenerated	 in	 the	 counterelectrode.	 Nanostructured	 wide-bandgap	

semiconductors,	like	TiO2	or	ZnO,	spread	over	a	TC	are	attractive	as	photoanodes	due	to	their	low	cost	and	

availability.	The	limited	solar	spectrum	range	that	ZnO	or	TiO2	absorbs	in	the	UV	is	expanded	by	sensitizing	

the	photoanodes	with	photoactive	materials	that	absorb	in	the	visible	range	of	the	sun	spectrum,	such	as	

dyes	1.	A	large	portion	of	the	photoanode	cost	corresponds	to	the	choice	of	TC,	typically	doped	tin	oxide.	

Tin	 oxides	 are	 fragile	materials	 derived	 from	 non-abundant	 sources,	 like	 cassiterite,	 which	 classifies	 as	

conflict	mineral	and	can	adversely	affect	water	quality	and	human	health	 2-4.	Graphene	 is	a	 sustainable	

alternative	to	tin	oxides,	as	it	can	be	obtained	from	a	variety	of	organic	sources,	including	waste	byproducts.	

Pristine	CVD-graphene	with	large	domain	size	stands	out	as	the	most	promising	graphene	variant	for	TC	

application,	 not	only	due	 to	 its	 superior	optoelectronic	properties,	 but	because	 large	 area	 films	 can	be	

produced	in	industrial	scale	5.				

ZnO	and	TiO2	are	 the	two	most	common	wide-bandgap	semiconductors	 for	photoanodes	with	very	

similar	bandgaps;	however	ZnO	has	an	electron	mobility	that	is	two	to	three	orders	of	magnitude	larger6.	

ZnO	is	also	more	reactive	and	can	be	synthesized	into	crystalline	form	under	mild	conditions	with	a	variety	

of	shapes,	which	makes	it	more	compatible	for	in	situ	growth	on	graphene,	considering	the	high	oxidation	

susceptibility	of	the	latter.	The	vertically	aligned	ZnO	nanorods	(ZVNRs)	offer	a	large	surface	area	for	light	

scattering	and	absorption.	Their	short	radial	distance	promotes	rapid	transport	of	minority	charge	carriers	

towards	the	junction	for	exciton	separation.	ZVNRs	also	have	lower	electron	transfer	resistance	through	

the	 semiconductor	 in	 comparison	 to	 nanoparticles	 assemblies	 where	 electrons	 must	 cross	 several	

interfaces	with	high	probability	of	recombination		7-9.	Therefore,	understanding	how	the	parameters	for	
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ZVNR	in	situ	growth	on	graphene	affect	its	topography	and	photoanode	performance	is	fundamental	for	

the	future	development	of	low-cost	sustainable	PECs,	as	illustrated	in	Figure	4.1.	

	

Figure	4.1. Sustainable	fabrication	of	tin-oxide	free	Photoanode:	(a)	Synthesis	of	high-quality	graphene,	a	carbon-
based	TC	produced	from	abundant	renewable	resources.	(b)	Electrodeposition	of	ZnO	nanostructures	on	graphene	
to	make	a	hybrid	Photoanode.	(c)	Use	of	ZVNR/G	hybrid	as	a	photoanode,	electron	transfer	processes	occurring:	

arrows	in	green	indicate	power	generating	processes,	arrows	in	red	indicate	power	loss	processes	

Electrodeposition	of	nanostructured	thin	 films	has	been	gaining	attention	 lately	due	to	 the	high-end	

quality	 of	 the	 film,	 the	 great	 process	 and	 its	 advantages	 over	 other	 techniques	 like	 doctor-blade	 and	

chemical	vapor	deposition	control	10.	Crystalline	nanostructures	can	be	obtained	with	electrodeposition	at	

temperatures	below	100˚C	without	further	need	for	thermal	treatments,	which	is	a	critical	requirement	for	

the	development	of	flexible	devices	on	polymeric	substrates.	This	technique	is	an	in	situ	deposition	method,	

which	results	in	reduced	interfacial	resistance.	It	is	also	facile	and	low-cost,	as	no	expensive	facilities	or	high	

energy	processes	are	required.	A	systemic	study	of	the	electrodeposition	of	ZVNRs	using	NO3
-	as	a	precursor	

on	 tin	 oxide	 substrate	 was	 first	 reported	 in	 2012	 11.	 The	 reaction	 leading	 to	 oxide	 formation	 is	 the	

electrogeneration	of	a	base	(Equation	4.1)	followed	by	dehydration	(Equation	4.2):	

𝑁𝑂#$ + 𝐻'𝑂 + 2𝑒$ → 𝑁𝑂'$ + 2𝑂𝐻$	 Equation	4.1	

𝑍𝑛'- + 2𝑂𝐻$ ./01
𝑍𝑛𝑂 + 𝐻'𝑂	 Equation	4.2	

In	 a	 photoanode,	 the	 power	 conversion	 efficiency	 is	 strongly	 dependent	 on	 the	 surface	 area	 of	 the	

semiconductor,	 as	 this	 determines	 the	 junction	 area	 at	which	 the	 photoelectrochemical	 reactions	 take	

place.	For	an	array	of	ZVNRs,	the	surface	area	can	be	increased	by	reducing	the	diameter	of	the	rods	and	
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increasing	their	length.	Several	approaches	are	used	to	reduce	the	diameter	of	ZVNRs,	being	the	use	of	seed	

layer,	 also	 called	 buffer	 layer,	 one	 of	 the	 most	 effective.	 This	 seed	 layer	 provides	 a	 dense	 source	 of	

nucleation	centers	for	the	growth	of	the	ZVNRs	12.	

Graphene	variables	like	reduced	graphene	oxide	13	oxidized	CVD-graphene	14	and	pristine	CVD-graphene	

15	have	been	studied	as	conductive	substrates	for	the	fabrication	of	the	ZVNR/graphene	heterostructure	

(ZVNR/G).	 The	mild	 growth	 conditions	 prevent	 graphene	damage	 by	 oxidation.	 A	 negative	 bias	 applied	

seems	 to	 protect	 graphene	 from	 defect	 introduction,	 as	 it	 has	 been	 observed	 in	 electrochemical	

delamination	from	metallic	foils	16.	We	have	demonstrated	that	cathodic	electrodeposition	on	graphene	

offers	a	feasible	in	situ	route	to	fabricate	the	ZVNR/G	hybrid,	while	preserving	the	sp2	structure	of	graphene	

17.	The	ZVNR	grown	on	pristine	CVD-graphene	by	electrodeposition	has	not	been	explored	yet	for	tin	oxide-

free	photoanodes.	

In	this	work,	we	explore	the	effects	of	electrodeposition	parameters	on	the	ZVNR	morphology	and	the	

performance	of	the	hybrid	as	a	photoanode	in	a	DSC.	The	electrodeposition	parameters	investigated	were	

temperature,	time,	stirring	and	the	use	of	a	seed	layer.	The	photo-electron	generation	and	transport	in	the	

ZVNR/G	was	studied	via	open	circuit	voltage	decay	(OCVD),	electrochemical	impedance	spectroscopy	(EIS),	

and	 linear	 sweep	 voltammetry	 (LSV).	 This	 study	 aims	 to	 explore	 the	 fundamentals	 of	 crystal	 growth	 in	

graphene	 as	 a	 sustainable	 conductive	 substrate,	 and	 elucidate	 the	 predominant	mechanisms	 of	 power	

generation	and	loss	of	the	heterostructure	in	solar	energy	harvesting	application.	
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4.2. Experimental	Procedures	

4.2.1. Graphene	TC	layer	

A	continuous	graphene	film	was	grown	on	Cu	foil	using	ambient-pressure	CVD,	with	diluted	methane	as	

carbon	source	(»90ppm)	for	one	hour,	following	the	method	we	reported	recently	to	yield	domain	size	up	

to	300µm	17,	18.	The	graphene	was	spin-coated	on	one	side	with	PMMA.	The	copper	was	etched	in	0.3M	

FeCl3	and	cleaned	with	DI	water.	The	floating	graphene/PMMA	film	was	stacked	onto	a	second	graphene/Cu	

film.	The	etch	and	stacking	was	repeated	until	4-layered	graphene	(4LG)	was	obtained.	The	4LG	was	then	

transferred	 onto	 a	 clean	 glass	 substrate,	with	 the	 graphene	 in	 contact	with	 the	 glass.	 The	 PMMA	was	

dissolved	 in	 acetone,	 the	 graphene	 annealed	 in	 Ar/H2	 and	 10/120nm	 Cr/Au	 contacts	 were	 e-beam	

evaporated.		

4.2.2. Electrodeposition	of	ZVNR	on	graphene		

The	ZVNR	electrodeposition	on	graphene	was	performed	using	a	CHI	660C	electrochemical	station	in	a	

three-electrode	 configuration,	 with	 graphene-on-glass	 as	 the	working	 electrode,	 platinum	mesh	 as	 the	

counter	electrode,	and	Ag/AgClsat’d	as	the	reference	electrode.	PMMA	was	used	as	dielectric	coating	on	the	

Cr/Au	contact.	For	the	ZVNR	growth,	a	cathodic	potential	was	applied	to	the	graphene	in	10mM	Zn(NO3)2	

aqueous	solution	to	maintain	a	current	density	of	0.4	mA/cm2,	which	had	been	optimized	in	our	previous	

report	 to	 obtain	well-aligned	 crystalline	 ZVNRs	 on	 graphene	 17.	We	 studied	 the	 effect	 of	 three	 growth	

variables:	temperature,	time	and	stirring.	The	temperature	studied	varied	between	70	and	80˚C,	the	time	

was	varied	from	0.5	to	2	hr,	and	stirring	and	non-stirring	conditions	were	compared.	The	Zn(NO3)2	solution	

was	refreshed	every	10	minutes	for	all	experiments.		
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4.2.3. Pre-deposition	of	seed	layer	

To	pre-deposit	a	seed	layer,	a	Zn(OH)x	compact	film	was	electrodeposited	at	-1.2	V	from	50mM	Zn(NO3)2	

aqueous	solution	at	room	temperature,	until	a	charge	density	of	30	mC/cm2	was	obtained.	The	film	was	

converted	into	ZnO	by	annealing	at	200˚C	for	1hr	19,	20.	Other	methods	for	seed	layer	deposition	that	were	

explored	produced	larger	diameter	ZVNRs	are	detailed	in	Table	4.2.	

4.2.4. Photoelectron	transport	characterization	

The	 electron	 transport	 measurements	 were	 performed	 using	 a	 dye-sensitized	 solar	 cell	 (DSC)	

configuration.	The	photo-anode	was	sensitized	through	a	12-hour	immersion	in	a	0.3	mM	ethanoic	solution	

of	N3	dye	(cis-Bis(isothiocyanato)	bis(2,2’-bipyridyl-4,4’-dicarboxylato)	ruthenium(II))	(Sigma-Aldrich).	The	

counter-electrode	was	 prepared	 by	 e-beam	 evaporation	 of	 a	 40	 nm/40	 nm	 Ti/Pt	 film	 on	 a	 clean	 glass	

substrate.	 The	 photoanode	 and	 counter-electrode	were	 clipped	 together	 to	 assemble	 the	DSC,	 using	 a	

polydimethysiloxane	spacer.		The	cell	was	filled	with	an	electrolyte	of	acetonitrile	and	ethylene	carbonate	

in	2:1	volume	ratio,	0.1	M	LiI,	0.03	M	 I2,	and	5%m/v	LiClO4.	The	DSCs	were	 tested	under	a	xenon	 lamp	

(USHIO	UXL-75XE)	with	a	power	density	of	100	mW/cm2,	calibrated	with	a	Newport	Power	Meter	1918-R.	

Electrochemical	 characterization	 of	 the	 devices	 was	 performed	 with	 the	 CHI	 660C	 in	 a	 two-electrode	

configuration.		

The	LSV	was	performed	from	0.2	to	-0.8V.	The	OCVD	was	measured	by	monitoring	the	open	circuit	voltage	

(VOC)	of	the	DSC	after	switching	from	illuminated	to	dark	operation.	Electron	lifetime	τn	was	calculated	from	

the	OCVD	according	to	Equation	4.3	21:		

𝜏3 = − 678
3

9:;<
9.

$=
	 	 Equation	4.3	

The	EIS	spectra	was	recorded	under	illumination	in	the	frequency	range	between	0.1	Hz	and	100	kHz,	

setting	the	bias	voltage	at	the	VOC	of	the	device	and	the	amplitude	at	10	mV.	EIS	of	the	photo-electrode	was	

interpreted	according	to	the	most	widely	accepted	model	(Figure	4.2).	The	equivalent	circuit	of	a	DSC	is	
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composed	of	the	electron	diffusion	through	ZnO	(Rd)	coupled	to	electron	recombination	reactions	with	the	

electrolyte	 (Rk)	 in	 a	 transmission	 line	 model,	 in	 series	 to	 the	 charge	 transfer	 resistance	 at	 the	 ZnO/G	

interface	(RZnO/G)	
22,	23.	

	

Figure	4.2. Equivalent	Circuit	of	the	ZVNR/G	DSC	

4.3. Results		

Table	4.1	details	the	electrodeposition	parameters	of	stirring,	seed	layer,	temperature	(T)	and	time	(t)	

studied	 for	 each	 sample	 and	 the	 morphology	 parameters	 of	 ZVNR	 density	 (ρNR)	 and	 diameter	 (⍉NR)	

obtained	from	the	image	analysis	of	SEM	micrographs.		

Table	4.1. ZVNRs	electrodeposition	parameters,	density	(ρNR)	and	diameter	(⍉NR)	

	 Stir	 Seed	
layer	

T	(˚C)	 t	(hr)	 ρNR		

(cm-2)	
⍉	NR	
(nm)	

1	 ✓	 ✕	 70	 0.5	 1.8x108	 475	

2	 ✓	 ✕	 75	 0.5	 3.4x108	 364	

3	 ✓	 ✕	 80	 0.5	 3.5x108	 360	

4	 ✓	 ✕	 80-75	 2	 1.9x108	 790	

5	 ✕	 ✕	 80-75	 2	 5.5x108	 487	

6	 ✕	 ✓	 80-75	 2	 4.3x109	 134	

	

4.3.1. Effect	of	temperature	and	time	

The	electrodeposition	bath	temperature	ranging	from	70	to	80°C	affects	the	topography	of	the	ZVNRs,	

as	 shown	 in	 Figure	 4.3(a-c`).	 At	 70˚C	 a	 sparse	 layer	 of	 randomly	 oriented	 ZVNR	 forms,	 while	 at	 75˚C	

increased	 coverage	 and	 alignment	 is	 obtained,	 and	 the	 temperature	 at	 80˚C	 causes	 even	 greater	

compactness	and	uniformity.	The	incomplete	graphene	coverage	at	70˚C	indicates	that	exclusion	zones	are	
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formed	due	to	concentration	depletion	that	hinder	further	nucleation	near	existing	growing	nuclei	24.	As	

higher	 temperatures	 are	 applied,	mass	 transfer	 is	more	 efficient,	 leading	 to	 complete	 coverage	 of	 the	

graphene	surface.	A	higher	nucleation	density	causes	the	ZVNR	average	diameter	to	reduce	from	475nm	at	

70°C,	to	364nm	at	75°C	and	360nm	at	80°C.	At	the	same	time,	the	NR	density	increases	from	1.8	/um2	for	

70°C,	 to	 3.4/um2	for	 75°C	 and	3.5/um2	for	 80°C.	Above	80˚C,	 the	 ZnO	 crystal	 growth	 rate	 in	 the	 lateral	

directions	is	faster,	and	the	VNRs’	walls	eventually	merge	into	grain	boundaries	to	form	a	continuous	ZnO	

layer	rather	than	a	ZVNRs	carpet.		

	

Figure	4.3. SEM	micrographs	of	ZnO	NRs	on	graphene	grown	by	electrodeposition	at	(a)	70˚C,	(b)	75˚C	and	(c)	80˚C	
for	30min,	and	(d)	at	75-80˚C	for	2hr,	scale	bar	1µm.	(e)	Applied	potential	as	a	function	of	time	for	ZVNR	

electrodeposition	on	graphene	at	constant	current	density	0.4mA/cm2.	(f)	EIS	Nyquist	plot,	(g)	VOC	decay	and	(h)	
calculated	electron	lifetime	for	DSCs	fabricated	with	the	different	photoanodes.	

Figure	4.3(e)		shows	the	potential-time	(V-t)	curves	for	the	electrodeposition	of	ZVNRs	at	the	different	

temperatures	.	The	potential	range	for	the	deposition	is	within	the	zone	for	ZnO	formation	in	the	Pourbaix	

diagram	for	the	Zn/H2O	system	25.	The	curve	corresponds	to	a	mass	transfer-controlled	process	showing	

four	distinct	 regions.	 In	stage	 I,	a	sudden	 increase	of	 the	potential	 is	 related	to	the	double	charge	 layer	

formation.	Stage	II	 is	a	short	period	of	potential	reduction,	during	which	independent	nuclei	appear	and	

grow	on	the	surface	of	the	graphene.	This	growth	continues	until	 the	formation	of	exclusion	zones	that	

virtually	 arrest	 further	 nucleation	 and	 a	 minimum	 potential	 is	 reached.	 Stage	 III	 is	 another	 region	 of	
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potential	 increase	which	 is	more	extended	than	stage	 I.	During	stage	 III,	 the	 two	opposing	processes	of	

independent	nuclei	growth	and	their	overlap	take	place.	This	leads	to	electrode	relative	passivation	due	to	

gradual	coverage	of	the	conductive	graphene,	raising	the	overpotential	required	to	maintain	constant	mass	

deposition.	Finally,	a	plateau	is	reached	in	stage	IV,	in	which	the	available	graphene	surface	is	either	coated	

with	 ZnO	 or	 is	 an	 exclusion	 zone.	 During	 stage	 IV,	 steady	 growth	 occurs	 because	 a	 constant	 ionic	

concentration	is	maintained	in	the	bulk	of	the	electrolyte	by	refreshing	the	solution.	Faster	deposition	rates	

in	the	[0001]	direction	lead	to	ZVNR	formation	26,	27.	As	a	general	trend,	less	overpotential	 is	required	at	

higher	temperatures	to	maintain	the	galvanostatic	conditions,	due	to	the	additional	energy	provided	by	the	

heat.	The	V-t	curve	obtained	at	80˚C	lacks	region	II	indicates	that	nucleation	and	overlapping	occur	almost	

instantaneously,	and	growth	is	not	inhibited	by	exclusion	zones	at	this	temperature.	

The	heterostructure	of	ZVNR/G	was	used	as	the	photoanode	in	a	DSC.	The	EIS	of	the	devices	grown	at	

the	 different	 temperatures	 are	 described	 by	 the	 Nyquist	 plots	 in	 Figure	 4.3(f),	 showing	 that	 as	 the	

graphene´s	surface	becomes	more	densely	coated,	a	larger	recombination	resistance	(Rk)	results,	due	to	

blocking	of	the	graphene.	The	transient	photovoltage	measurements	in	Figure	4.3(g)	show	that	as	the	ZVNR	

film	 becomes	 more	 compacted,	 the	 cells	 produce	 a	 higher	 photovoltage	 under	 illumination.	 The	

heterostructure	grown	at	70°C	yields	a	Voc	of	150mV,	at	75°C	it	yields	190mV,	and	at	80°C	it	yields	300mV.	

A	slower	Voc	decay	indicates	that	the	electron	lifetime	τn	is	longer	for	the	more	compacted	ZVNR	films,	as	

shown	in	Figure	4.3(h).	A	more	compacted	film	blocks	the	contact	of	the	electrolyte	with	the	graphene,	

increasing	the	recombination	resistance	and	slowing	down	the	photo-electron	loss	kinetics,	as	it	has	been	

observed	in	ZVNR/FTO	photoanodes	28.		

The	desirable	ZVNR	morphology	would	be	compacted	at	the	bottom	to	prevent	recombination	losses	

from	exposed	graphene,	but	with	gaps	between	the	ZVNRs	at	the	top	to	provide	higher	interfacial	area	at	

the	junction	of	the	device.	Therefore,	for	the	remainder	of	the	growth	experiments,	we	used	80˚C	during	

the	first	10min	of	growth	and	then	cooled	down	the	solution	to	75˚C	until	the	end	of	the	ZVNR	growth.	
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Extending	the	time	of	electrodeposition	from	0.5hr	to	2hr	results	in	an	increase	of	ZVNR	dimensions,	

as	reported	previously	on	FTO	29.	The	diameter	increases	from	360nm	to	790nm,	and	the	length	increases	

from	0.9µm	to	3.1µm,	as	observed	in	the	SEM	micrographs	in	Figures	4.3(c’’)	and	(d’’).	The	lateral	growth	

of	the	ZVNR	occurs	at	slower	rate	than	the	longitudinal,	because	of	the	higher	energy	configuration	of	the	

0001	planes.	However,	 the	slower	growth	 in	 lateral	directions	still	 leads	 to	 the	broadening	of	 the	ZVNR	

diameter	at	extended	 time,	 resulting	 in	 the	merging	of	 the	ZVNR	 into	a	mostly	 continuous	 film	of	ZnO.	

Figures	4.3(e-h)	show	how	the	photoanode	recombination	resistance,	photovoltage	and	electron	lifetime	

increases	 because	 of	 the	 morphology,	 which	 is	 ascribed	 to	 the	 blocking	 of	 the	 graphene	 from	 the	

electrolyte,	which	prevented	power	loss	events.	The	DSC	Voc	doubles	when	the	ZVNR	were	grown	for	2hr	

instead	of	30min.	

Even	 though	 the	 higher	 temperature	 and	 longer	 growth	 time	 increase	 the	 photovoltage	 of	 the	

electrode,	the	photocurrent	remains	low,	as	illustrated	in	Figure	4.4.	

	

	
	

Figure	4.4. Linear	sweep	voltammetry	for	DSC	fabricated	with	ZVNR/G	photoelectrodes	
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4.3.1. Effect	of	stirring	

The	stirring	conditions	during	electrodeposition	were	varied	to	modify	the	mass	transfer	during	ZVNR	

growth.	When	the	ZVNRs	grow	in	stirred	conditions,	straight	rods	grow	as	shown	in	Figure	4.5(a),	while	in	

unstirred	conditions	conical	 rods	develop,	shown	 in	Figure	4.5(b).	The	 length	of	 the	ZVNRs	 increases	 to	

4.7µm	in	unstirred	conditions,	compared	to	3.1	µm	for	stirred	conditions,	while	the	diameter	is	reduced	

from	 790µm	 to	 487µm,	which	 is	 expected	 to	maintain	 constant	mass	 deposition,	 i.e.	 constant	 current	

density.	The	conical	shape	and	the	increased	length	are	a	result	of	increased	Zn+	concentration	gradient.	

Anisotropic	growth	occurs	mostly	along	the	c-direction	of	the	crystal	in	unstirred	conditions	because	Zn+	

diffusion	is	significantly	slower	than	OH-	generation.	As	the	ratio	of	OH-	to	Zn+	increases	in	the	immediate	

vicinity	of	the	electrode,	most	Zn+	ions	are	consumed	at	the	tip	of	the	rods,	limiting	lateral	growth	11,	30.	In	

unstirred	conditions,	a	3-fold	increase	in	ZVNR	density	is	observed	to	yield	5x108	ZVNRs/cm2,	compared	to	

1.9x108	ZVNRs/cm2	in	stirred	conditions.		

	

Figure	4.5. SEM	images	of	ZVNR	electrodeposited	on	graphene	(a)	non-stirred,	(b)	stirred	and	(c)	with	seed	layer,	
scale	bar	500	nm.	(d)	Applied	potential	as	a	function	of	time	for	ZVNR	electrodeposition	on	graphene	at	constant	
current	density	0.4mA/cm2.	(e)	Linear	sweep	voltammetry,	(f)	EIS	Nyquist	plot	and	(g)	electron	lifetime	for	DSCs	

fabricated	with	the	different	photoanodes	
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The	V-t	curves	for	the	growth	of	the	ZVNRs	in	unstirred	and	stirred	conditions	are	compared	in	Figure	

4.5(d).	Same	growth	mechanisms	seems	to	occur	at	both	conditions,	with	4	distinct	stages,	as	analyzed	

previously.	However,	in	unstirred	conditions,	nuclei	formation	in	stage	II	occurs	at	faster	rates.	The	reduced	

diffusion	 of	 ions	 along	 the	 graphene	 surface	 in	 unstirred	 conditions	 probably	 accelerates	

electrocrystallization,	leading	to	faster	achievement	the	minimum	potential,	as	exclusion	zones	form	much	

faster.	At	the	same	time,	nuclei	growth	in	stage	III	occurs	at	much	slower	rates	in	unstirred	compared	to	

stirred	conditions,	and	surface	saturation	takes	6	times	longer.	The	slower	mass	transfer	at	the	surface	of	

the	graphene	when	unstirred	 leads	to	slower	deposition	rate	31.	The	potential	plateau	of	stage	 IV	has	a	

similar	value	of	~-0.9V	 for	unstirred	and	stirred	conditions,	as	 the	current	density	and	 temperature	are	

identical.	Therefore,	the	stirring	conditions	do	not	modify	the	thermodynamics	of	the	system,	but	only	the	

mass	transfer	kinetics.	

The	conical	 shape	and	higher	density	of	 the	ZNVRs	grown	 in	unstirred	conditions	 leads	 to	a	photo-

current	twice	as	large	as	obtained	for	ZVNR	grown	under	stirred	conditions,	as	observed	in	Figure	4.5(e).	

Better	light	scattering	and	larger	surface	area	promotes	occurrence	of	photochemical	reactions.	However,	

the	lower	recombination	resistance	reduces	the	electron	lifetime,	which	in	turn	lowers	the	photovoltage	

(Figures	 4.5(f-g)).	 This	 result	 indicates	 that	 the	 increased	 space	 between	 ZVNRs	 causes	 electrolyte	

infiltration	and	short	circuiting	between	the	redox	mediator	and	the	electrocatalytic	graphene.	

4.3.2. 	Effect	of	seed	layer	

The	high	mobility	of	pristine	CVD-graphene	with	large	domains	is	one	of	its	most	desirable	features	for	

TC	application.	However,	the	surface	of	CVD-graphene	is	very	smooth,	providing	lower	nucleation	rates	and	

larger	ZVNR	diameter	than	those	obtained	in	FTO	29,	reduced	graphene	oxide	(rGO)	13and	oxidized	CVD-

graphene	 14.	 We	 deposited	 a	 seed	 layer	 to	 increase	 ZVNR	 nucleation	 density	 without	 reducing	

optoelectronic	performance	of	the	pristine	CVD-graphene.	Three	methods	were	compared	for	depositing	

the	seed	layer:	(i)	spincoating	of	ZnO	NPs	32,	33,	(ii)	spincoating	of	zinc	acetate	34	and	(iii)	electrodeposition	
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of	ZnOHx	
19,	all	followed	by	thermal	treatment.	Table	4.2	shows	the	SEM,	ZVNR	diameter	and	methods	(i),	

(ii)	 and	 (iii)	 result	 in	 ZVNRs	 diameters	 of	 330,	 274,	 and	 135nm	 respectively,	 compared	 to	 the	 487nm	

obtained	without	seed	layer.	Electrodeposition	of	seed	layer	is	the	method	that	yields	the	smaller	ZVNR	

diameter,	with	one	order	of	magnitude	increase	in	density,	as	summarized	in	Table	4.1	and	consistent	with	

results	on	FTO	12.		

Table	4.2. Methods	for	pre-deposition	of	seed	layer	and	results.	

Method	 ZVNR	
diameter	(nm)	

SEM	micrograph	

(i) Spin-coating	 ZnO	NPs:	 	 	 The	NPs	were	 prepared	 by	
forced-hydrolysis	 from	 the	 reaction	 of	 Zinc	 acetate	
with	 sodium	 hydroxide	 in	 200proof	 ethanol	 32.	 This	
NPs	suspension	was	spin-coated	at	2000	rpm	for	60s	
followed	 by	 annealing	 at	 100˚C	 immediately	 and	
heated	to	250˚C,	 followed	by	5min	annealing	33.	The	
spin	 coating	 and	 thermal	 annealing	 were	 repeated	
twice.	

330	±	140	 	

(ii) Spin-coating	Zinc	Acetate	solution:	A	solution	of	5mM	
zinc	 acetate	 was	 heated	 for	 15min	 at	 90˚C.	 The	
solution	was	spin-coated	at	2000	rpm	for	60s	followed	
by	 annealing	 at	 100˚C	 immediately	 and	 heated	 to	
250˚C,	followed	by	5min	annealing	34.		The	spin	coating	
and	thermal	annealing	were	repeated	twice.	

274	±	121	
	

	

(iii) Electrodeposition	 of	 Zn(OH)x:	 	 	 A	 Zn(OH)x	 compact	
film	was	 electrodeposited	 at	 -1.2	V	 vs	Ag/AgCl	 from	
50mM	 Zn(NO3)2	 aqueous	 solution	 at	 room	
temperature	followed	by	annealing	at	200˚C	19.	

132	±	51	 	

*Scale	bar	500nm	

Reducing	the	ZVNR	diameter	with	the	electrodeposited	seed	layer	results	in	better	light	scattering,	with	

ten-fold	 increase	 in	 transmittance	 at	 550nm,	 as	 shown	 in	 Figure	 4.6.	 Therefore,	 we	 focused	 on	 the	

electrodeposition	as	the	method	for	depositing	the	seed	layer.		
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Figure	4.6. (a)	Transmittance	of	4-layer	graphene,	N3	dye	and	ZVNR/G	hybrid	with	different	ZVNR	diameter.							
(b)	Photographs	illustrating	the	transmittance	of	ZVNR/G	films	of	different	ZVNR	diameter	

The	presence	of	 the	seed	 layer	on	the	graphene,	modified	the	V-t	curve	of	ZVNR	growth	as	shown	 in	

Figure	4.5(d).	The	V-t	curve	does	not	show	the	stages	I	,	II	and	III	previously	observed	,	but	starts	directly	at	

the	plateau	potential	of	~-0.9V.	This	indicates	that	the	ZVNR	electrodeposition	on	seed	layer	starts	directly	

with	growth,	skipping	the	process	of	nucleation.	The	plateu	potential	with	and	without	seed	layer	is	the	

same	 due	 to	 identical	 thermodynamic	 conditions,	 as	 observed	 when	 comparing	 stirred	 and	 unstirred	

conditions.			

The	larger	junction	area	of	smaller	dimeter-ZVNRs	(Figure	4.5(c))	causes	an	overall	three-fold	increase	

in	photocurrent	generation	and	reduces	the	recombination	resistance	(Figure	4.5(e-f)).	The	photovoltage	

and	electron	lifetime	remained	high	due	to	blocking	of	faster	reactions	at	the	graphene	with	the	compact	

bottom	 layer	 of	 ZnO	 (Figure	 4.5(g)).	 The	 combination	 of	 higher	 photocurrent	 and	 open	 circuit	 voltage	

results	in	increased	maximum	power	generation	from	8µW/cm2	without	seed	layer	to	63µW/cm2	with	seed	

layer.			

The	 process	 of	 seed	 layer	 electrodeposition	 for	 ZVNR	 growth	 is	 detailed	 in	 Figure	 4.7(a).	 At	 room	

temperature,	the	electrodeposition	of	a	compact	amorphous	Zn(OH)x	layer	takes	place.	Then,	the	Zn(OH)x	

is	decomposed	into	ZnO,	a	phase	transition	that	occurs	between	119	to	153˚C
19,	20,	so,	we	performed	the	
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thermal	treatment	at	200˚C.	The	result	is	a	compact	film	of	ZnO	NPs	that	control	ZVNR	growth	and	prevent	

shunt	circuit	contact	with	the	TC.		

	

Figure	4.7. a)	Process	of	electrodeposition	of	seed	layer	and	ZVNRs	growth.	b)	Effect	of	seed	layer	deposition	on	
the	ZVNR	diameter	distribution	and	SEM	imaging.	Seed	layer	deposition	variables	I)	control:	50mM	Zn(NO3)2,	
stirred,	-1.2V,	30mC/cm2,	slow	heating,	II)	200mM	Zn(NO3)2,	III)	-1.3V,	D)	25mC/cm2,	IV)	fast	heating	c)	Average	

ZVNR	diameter	obtained	for	each	variable	d)	Mechanism	of	seed	layer	formation	that	controls	the	diameter	of	the	
ZVNR.	

The	seed	layer	deposition	was	optimized	to	further	reduce	the	ZVNRs	diameter,	as	detailed	in	Figure	

4.7(b-c).	The	initial	conditions	for	the	seed	layer	electrodeposition	were	50mM	Zn(NO3)2,	-1.2V,	to	attain	

30mC/cm2	and	thermal	treatment	heating	rate	of	5˚C/min,	which	yield	134	nm	diameter	ZVNRs	(sample	I).	

The	increase	of	seed	layer	nucleation	rate	was	attempted,	by	increasing	the	concentration	of	Zn(NO3)2	to	

200mM	(sample	II)	and	the	potential	to	-1.3V	(sample	III),	but	these	did	not	reduce	of	the	ZVNR	diameters	

either.		The	total	charge	was	also	reduced	to	25mC/cm2	(sample	IV)	to	limit	Zn(OH)x	nuclei	growth,	but	no	

reduction	 of	 the	 ZVNR	 diameter	 was	 observed	 either.	 As	 the	 variation	 of	 Zn(OH)2	 electrodeposition	
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conditions	was	not	effective	in	reducing	the	ZVNR	diameter,	we	opted	for	varying	the	thermal	treatment	

instead,	and	 thus	control	 the	phase	 transition	 from	Zn(OH)2	 to	ZnO	 (sample	V).	The	heating	 rate	of	 the	

material	was	accelerated	by	placing	the	sample	directly	in	an	oven	at	200˚C.	The	resulting	faster	nucleation	

of	ZnO	from	Zn(OH)2		was	effective	in	reducing	the	diameter	to	83nm.	Therefore,	we	present	the	mechanism	

for	seed	layer	formation	and	illustrate	it	in	Figure	4.7(d).	The	deposition	of	Zn(OH)2	does	not	determine	the	

grain	size	for	the	seed	layer,	as	it	is	an	amorphous	and	unstable	film	19.	Instead,	it	is	the	phase	transition,	

essentially	the	ZnO	nucleation	stage	from	Zn(OH)x,	that	determines	the	size	of	the	seed	layer	grains,	and	

therefore,	controls	the	ZVNR	diameter.	
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4.4. Conclusions	

Pristine	 CVD-graphene	 with	 large	 domains	 is	 an	 attractive	 option	 as	 a	 TC	 due	 to	 its	 excellent	

optoelectronic	properties.	However,	the	preparation	of	graphene	heterostructures	to	fabricate	PEC	poses	

challenges	that	need	to	be	addressed	to	make	this	technology	feasible.	The	smooth	non-reactive	surface	of	

CVD-graphene	 delays	 nucleation,	making	 it	 difficult	 to	 in	 situ	 grow	 very	 small	 nanocrystals	 like	 ZVNRs.	

Having	very	small	nanocrystals	is	desirable	because	of	their	large	junction	area	with	the	hole	acceptor,	that	

ultimately	determines	the	photocurrent	generation.	At	the	same	time	the	high	catalytic	activity	of	carbon	

results	 in	 electron	 recombination	and	power	 loss	when	 it	meets	 the	electrolyte	or	other	hole	 acceptor	

material.		

Electrodeposition	is	a	promising	in	situ	method	for	growth	of	crystalline	materials	on	graphene.	We	have	

studied	 the	 experimental	 correlations	 between	 the	 ZVNR	 electrodeposition	 parameters	 and	 the	

corresponding	performances	of	the	heterostructure	as	a	photo-electrode,	and	summarized	them	in	Figure	

4.8.	The	ZVNR	film	can	be	made	compacted	and	dense	by	 increasing	temperature	(2-3)	and	time	(4),	to	

evenly	cover	 the	graphene	surface	and	block	recombination	 losses	with	 the	electrolyte.	The	blocking	of	

graphene	 improved	 charge	 collection	 of	 the	 photoanode,	 with	 a	 longer	 electron	 lifetime,	 larger	

photovoltage	and	higher	recombination	resistance.	However,	the	reduction	of	surface	area	when	the	film	

becomes	 more	 compact	 limits	 the	 photocurrent	 generated	 because	 of	 hindered	 light	 scattering.	Non-

stirred	conditions	(5)	promoted	formation	of	longer	conical	rods	and	the	use	of	a	seed	layer	(6)	reduced	the	

ZVNR	diameter.	These	two	variables	together	resulted	 in	a	greater	surface	to	volume	ratio	of	ZVNR,	for	

improved	light	scattering	and	higher	photocurrent	generation,	while	retaining	high	photovoltage,	for	a	total	

ten-fold	improvement	in	power	conversion.	We	explored	the	mechanism	of	seed	layer	electrodeposition	to	

further	reduce	the	ZVNR	diameter.	We	found	that	the	final	diameter	of	the	ZVNR	is	controlled	by	the	seed	

layer	process,	and	depends	on	the	phase	transition	from	Zn(OH)x	to	ZnO	during	thermal	treatment,	rather	

than	on	the	electrodeposition	parameters.	
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Figure	4.8. (a)	Performance	parameters	for	DSCs	prepared	with	ZVNR/G	photoanodes:	1)	70,	2)75˚C	and	3)80˚C	
grown	stirred	for	30min	with	and	no	seed	layer,	4)	time	increased	to	1hr	at	75-80˚C,	5)	stirring	was	removed,	6)	
seed	layer	was	pre-deposited.	(b)	Illustration	of	how	the	electrodeposition	parameters	affect	the	mechanisms	of	

power	generation	(green	arrows)	and	loss	(red	arrows)	in	ZVNR/G	photoanode	in	a	DSC	

Despite	the	attempts	to	improve	the	photoanode	performance,	the	power	conversion	efficiency	of	the	

DSC	remained	low	(0.06%),	which	we	attribute	to	low	surface	area	of	the	ZnO.	Alternative	electrodeposition	

methods	to	fabricate	ZnO	NPs/Graphene	heterostructures	could	provide	much	higher	surface	area	for	more	

frequent	occurrence	of	photoelectric	events	and	better	photovoltaic	performance,	such	as	the	codeposition	

of	ZnO	with	Eosin	Y	dye,	followed	by	etching	of	the	dye35.	 	
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Chapter	IV:		
Engineering	of	the	ZnO/Protein/Electrolyte	Interface	for	a	

Bacteriorhodopsin-Sensitized	Solar	Cell		

Abstract	

Bacteriorhodopsin	 (bR)	 is	 a	 protein	 found	 in	 the	 phototrophic	 system	 of	 Halobacterium	 purple	

membrane	and	is	studied	in	this	work	for	the	bio-photoanode	of	a	bR-sensitized	solar	cell	(bR-SC).	bR	is	a	

sustainable	 alternative	 to	 traditional	 synthetic	 dyes,	 which	 are	 expensive	 and,	 in	 many	 cases,	 toxic.	

However,	the	functional	interfacing	of	bR	with	the	semiconductor	and	electrolyte	are	not	well-understood	

yet.	To	get	more	insight	on	how	the	interfaces	are	affected	by	fabrication	parameters	we	studied	bR-SCs	

using	 nanostructured	 ZnO	 on	 fluorine-doped	 tin	 oxide	 (ZnO/FTO).	 The	 photoactivity	 of	 the	 bR	 films	

thorough	the	experiments	was	assessed	with	ultraviolet	visible	absorption	spectroscopy	(UV-VIS)	and	the	

morphology	 of	 the	 bR	 film	 on	 ZnO	 was	 characterized	 using	 Scanning	 Electron	 Microscopy	 (SEM).	 The	

photoelectrochemical	 performance	 of	 the	 bR-SCs	 was	 determined	 by	 open	 circuit	 voltage	 (Voc)	

chronopotentiometry,	linear	sweep	voltammetry	(LSV),	and	electrochemical	impedance	spectroscopy	(EIS).		

The	 protein	 immobilization	 mechanism	 was	 studied	 by	 comparing	 three	 different	 physical	 methods:	

dropcasting,	 pheniltriethoxysilane	 (PTES)	 chemical	 functionalization,	 and	electrophoretic	 sedimentation.	

The	photoanodes	prepared	by	electrophoresis	yielded	the	highest	Voc,	attributed	to	the	uniform	orientation	

of	 the	bR,	 followed	by	dropcasting	where	the	random	orientation	of	bR	resulted	 in	 lower	Voc.	The	PTES	

dielectric	layer	caused	the	largest	charge	transfer	resistance	at	the	photoanode/electrolyte	interface	(RPA)	

and	 the	 slowest	 kinetics	 of	 charge	 transfer	 (kPA).	 Nevertheless,	 the	 RPA	 of	 the	 bR-photoanodes	 in	 an	

iodide/triiodide	 (I-/I3
-)	 aqueous	 electrolyte	 were	 relative	 high	 (>105	 Ω.cm2)	 for	 the	 three	 methods,	 in	

comparison	with	the	values	commonly	reported	for	synthetic	dyes	(<102	Ω.cm2),	and	bleaching	of	the	retinal	

was	also	observed.	Therefore,	partial	delipidation	of	bR	was	investigated	to	improve	interfacial	interaction	
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with	the	ZnO	substrate.	The	redox	mediator	selection	was	also	investigated	by	comparing	ferri/ferrocyanide	

(Fe[(CN)6]
3-/4-)	and	hydroquinone/benzoquinone	(HQ/BQ)	to	the	traditional	I-/I3

-	mediator,	considering	their	

biocompatibility	and	good	energy	alignment	with	the	bR-SC	elements.	The	highest	bR	photoresponse	was	

observed	 for	 HQ/BQ	 mediator.	 Therefore,	 the	 presence	 of	 protons	 in	 the	 HQ/BQ	 electrolyte	 and	 the	

addition	of	surfactants	were	examined	for	this	system.	The	presence	of	a	proton	source	and	a	surfactant	

improved	bR	film	stability,	enhanced	the	bR-SC	power	output	and	reduced	the	RPA.		This	work	provides	a	

framework	 for	 the	 future	 advancement	 of	 bR-SCs	 and	 the	 integration	 of	 biomolecules	 as	 functional	

elements	in	solid/liquid	bionanointerfaces.	

	

 Introduction	

Several	natural	phototrophic	systems	that	harvest	energy	from	sunlight	in	living	organisms	are	being	

explored	 to	develop	sustainable	biophotovoltaic	devices1-4.	The	protein	bR	embedded	 in	 the	cell	purple	

membrane	 of	 Halobacterium	 is	 a	 model	 system	 that	 has	 been	 studied	 for	 a	 few	 decades	 due	 to	 the	

transduction	mechanisms	it	performs	and	its	better	stability	in	comparison	to	photosynthetic	systems5,	6.	

With	a	thickness	of	≈5nm	and	a	quantum	yield	efficiency	of	almost	100%,	bR	is	considered	the	most	stable	

of	all	membrane	proteins	studied	so	far7.	The	extremely	halophilic	archaeon	Halobacterium	is	a	heterotroph	

organism	 under	 aerobic	 condition,	 but,	when	 resources	 become	 scarce	 it	 induces	 biogenesis	 of	 purple	

membranes	and	turns	phototrophic.	When	bR	is	photoexcited,	it	pumps	protons	from	the	cytoplasmic	to	

the	extracellular	side	of	the	membrane	and	creates	an	electrochemical	gradient.	The	energy	stored	in	such	

transmembrane	 electrochemical	 gradients	 is	 central	 to	 the	 bioenergetics	 of	 phototrophic	 and	 non-

phototrophic	living	beings.	Therefore,	understanding	the	light	harvesting,	exciton	formation	and	transfer	

of	electrons	and	 ions	 in	a	bR-SC	 is	a	significant	contribution	to	bioelectronics.	The	 interactions	between	

biomolecules	 and	 nanomaterials	 is	 still	 not	 fully	 understood	 and	 the	 development	 of	 fully	 synthetic	 or	

hybrid	bioinspired	devices	is	still	in	its	infancy8.	
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The	purple	membranes	are	two-dimensional	hexagonal	 lattices	of	bR	trimers	as	 illustrated	in	Figure	

5.1(a).	bR	is	a	27kDa,	seven	alpha	helices	protein	composed	of	1:1	complex	of	bacterioopsin	(Bop)	and	the	

retinal	chromophore	as	shown	in	Figure	5.1(b)	9.	The	bR	aminoacid	sequence	is	shown	in	Figure	5.1(c).	The	

photocycle	starts	when	the	retinal	bound	to	Lys-216	(yellow	circle)	via	a	protonated	Schiff	base	linkage	is	

photo-excited	and	undergoes	conformational	isomerization.	The	200	kJ/mol	absorbed	by	the	system	cause	

destabilization,	leading	to	the	deprotonation	of	the	Schiff	base.	The	cycle	goes	on	with	further	formation	

and	breakage	of	proton	conduction	paths,	where	donor/acceptor	amino	acids	are	glutamic	and	aspartic	

acid	(brown	circles).	After	re-protonation,	the	retinal	re-isomerizes	to	the	 initial	stage	thermally.	bR	can	

undergo	many	photocycles	before	 it	denatures,	making	 it	 feasible	for	artificial	non-living	systems	where	

protein	regeneration	doesn’t	occur	10.		

	

Figure	5.1. (a)	Lattice	of	bR	trimers	in	purple	membrane11.	(b)	Cartoon	representation	of	the	3D	structure	of	BR.	
The	retinal	chromophore	(purple)	is	covalently	bond	via	a	Schiff	base	to	Lys-216	12	taken	from	Geibel,	S	2013	CC-BY	

4.0		(c)	Amino	acid	sequence	of	the	BR	protein.	Adapted	from	Wagner,	N	2013	CC-BY	4.010	
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The	use	of	bR	as	a	solar	energy-harvesting	element	in	biophotovoltaic	devices	has	been	attempted	in	

multiple	ways.	The	most	promising	results	in	terms	of	efficient	energy	conversion	have	been	obtained	when	

bR	is	incorporated	in	electrochemical	cells	with	liquid	electrolyte,	rather	than	in	thin	film	solid-state	devices.	

The	photovoltage	of	solid–state	devices	is	in	the	order	of	10-1-101	mV	13,	although	some	studies	reported	

photovoltages	as	high	as	300mV	for	170um	thick	films	14.	However,	the	poor	conductivity	of	BR	in	solid	state	

(10-7	S/cm)	15	results	in	low	power	output	with	photocurrents	in	the	order	of	nA	and	pA		16.	In	solid	state	no	

translocation	of	proton	occurs	and	the	photocycle	is	different	and	slower	17,	18.	Wet	devices	inspired	in	the	

organism	 physiology	 have	 been	 reported,	 using	 bR-impregnated	 porous	 membranes	 to	 separate	 two	

chambers	containing	aqueous	solutions	19,	20	or	proton	selective	membrane	separating	two	aqueous	half-

cells,	one	with	BR	suspension.	Even	though	the	addition	of	plasmonic	Ag	NPs	in	the	bR	half-cell	 induced	

faster	bR	cycle	and	increased	the	photocurrent	by	50-fold,	the	power	output	of	such	membrane-separated	

photocells	is	low	21,	22.		

bR	is	a	biocompatible,	biodegradable,	non-toxic	and	environmentally	friendly	alternative	to	synthetic	

dyes	used	in	dye-SCs	and	it	is	easy	to	produce	industrially23,	24.	It	complies	with	the	stability,	high	quantum	

yield,	and	extended	excited	state	lifetime	required	for	a	sensitizer25.	Unlike	synthetic	organic	dyes,	bR	is	

water	 stable,	 and	 transitioning	 into	 aqueous	 SCs	 is	 desirable	 to	 reduce	 their	 cost,	 flammability	 and	

volatilization	of	toxic	compounds26.	A	timeline	of	the	development	of	bR-SC	is	detailed	in	Table	5.1.	The	

first	bR-SC	was	proposed	 in	2009	by	the	group	of	Renugopalakrishnan,	based	on	the	 lowest-unoccupied	

molecular	orbital	(LUMO)	of	bR	that	is	located	at	-3.8eV,	favorable	for	electron	injection	into	the	conduction	

band	of	 TiO2	 at	 -4.2eV,	 and	 its	 highest-unoccupied	molecular	 orbital	 (HOMO)	 that	 is	 located	 at	 -5.2eV,	

suitable	 for	 being	 reduced	 by	 the	 I-/I3
-	 pair.	 The	 wild	 type	 protein	 was	 compared	 to	 mutant	

E9Q/E149Q/E204Q	(green	circles	Figure	5.1(c))	designed	promote	binding	to	the	TiO2	and	favor	electron	

transfer,	 from	which	 the	mutant	 bR-SC	 had	 a	 better	 performance,	 but	 it	 was	 also	 less	 chemically	 and	

thermally	stable	than	the	wild	type	27.	bR	sensitized	photoanodes	have	been	studied	to	produce	solar	H2	
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and	shown	photocurrents	significantly	higher	than	previous	studies	28,	29.	Several	variables	to	improve	the	

cell	performance	have	been	studied:	the	treatment	of	the	TiO2	with	TiCl4	to	increase	the	porosity	of	the	NPs	

30,	the	use	of	nanofiber	scattering	layer	to	enhance	the	optical	path	length,	the	time	and	temperatures	of	

bR	 incubation	on	TiO2	
31,	 the	combination	with	bacterioruberin	pigment	from	the	same	organism	32,	 the	

immobilization	 of	 bR	 by	 Langmuir-Blodgett	 method	 on	 ZnO	 NP	 33,	 the	 TiO2	 morphology	 34	 and	 the	

substitution	of	liquid	electrolyte	by	gel	electrolyte	35.	The	bR-SC	with	the	highest	PCE	of	0.49%35	and	stability	

for	more	than	3	months31		demonstrates	that	bR	can	yield	performance	comparable	to	synthetic	dyes	when	

the	platform	is	properly	designed.	A	proposed	advance	is	the	combination	of	bR	with	QDs	to	improve	cell	

performance36,	37.		

Table	5.1. Summary	of	structure	and	performance	of	BR-sensitized	solar	cells	reported	in	literature	

	

The	bR-SC	is	a	heterojunction	device	formed	between	the	donor	(bR)	and	the	acceptor	(ZnO,	TiO2)
27.	

Even	though	this	is	not	the	natural	tranduction	mechanism	performed	by	the	bR	phototropic	system,	it	has	

proven	more	efficient.	The	electrochemical	gradient	generated	by	BR	in	the	bacteria	is	only	200mV	39,	and	

Ref	 Transparent	
conductor,	
Counter	
electrode	

Semiconductor	 Electrolyte	 Light	source	 Jsc	(mA/cm2)	 Voc	(V)	 n	(%)	 FF	(%)	

27		 FTO,	Al/FTO	 Sprayed	TiO2	nanorods	0.5g	
P25	30nm	Degussa	in	20ml	
EtOH:MeOH	1:1	15um	

0.1	M	LiI,	0.03	M	
I2,	0.5	M	KCl		Tris	

buffer	pH	8	

Xe,	40mW/cm2	 0.04,	0.03,	
0.09	

0.39	 NA	 NA	

30		 FTO,	Pt	and	C	 TiO2	paste	treated	with	TiCl4	 I-/I3-	(Solaronix,	
Iodolyte	AN-50)	

AM1.5	Solar	
simulator	

0.28	 0.51	 0.09	 62	

32		 FTO,	Pt	 TiO2	paste	treated	with	TiCl4,	
sensitized	with	BR	and	
bacterioruberin	(r)	

I-/I3-	(Sharifsolar)	 AM1.5	Solar	
simulator	

0.45	(BR+r)	
0.4(BR)	
0.25(r)	

0.57	(BR+r)	
0.51(BR)	
0.61(r)	

0.16	(BR+r)	
0.11(BR)	
0.08	(r)	

62	

33		 FTO,	Pt	 ZnO	NPs	paste	(Sharifsolar)	 I-/I3-		(Solaronix)	 AM1.5	Solar	
simulator	

0.39	 0.5	 0.1	 52	

34		 Ti,	Pt	wire,	
AgCL	ref	

TiO2	NPs	paste	(Sharifsolar)	 Phosphate	buffer	
pH8	

Xe	110W	 0.64@0.5V	 Onset	-0.59	 16.5	 NA	

TiO2	Nanotubes	anodization	 0.12@0.5V	 Onset	-0.58	 1.9	 NA	
31		 FTO,	Pt	 TiO2	paste	(Platisol	T/SP	

Solaronix),	treated	with	
TiCl4+scattering	layer	TiO2	

nanofibers	

I-/I3-	(Solaronix)	 AM	1.5	Solar	
simulator	

1	 0.533	 0.35	 66	

35	 FTO/Pt	 TiO2	NPs	paste	 I-/I3-	polymer	gel	
electrolyte	5%	
acetamide	38	

85	mW/cm2	solar	
simulator	

1.08	 0.67	 0.49	 58	
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values	 up	 to	 570mV	 were	 obtained	 in	 bR-SC,	 demonstrating	 that	 rational	 novel	 designs	 of	 energy	

transduction	can	expand	the	natural	capabilities	of	biosystems.		

The	interface	of	ZnO/bR	plays	a	crucial	role	in	the	performance	of	the	bR-SC.	ZnO	has	high	ionic	bonding	

(60%)	and	isoelectric	point	(9.5)	which	makes	it	have	a	strong	electrostatic	attraction	and	binding	of	low	

isoelectric	proteins	40,	41	and	it	is	stable	at	pH	7.3	in	biological	media	42.	The	conduction	band	of	ZnO	aligns	

well	 for	 electrons	 to	 be	 injected	 from	 the	 LUMO	 of	 bR	 (see	 Figure	 5.2).	 The	 technique	 of	 protein	

immobilization	on	the	electrode	surface	has	been	shown	to	significantly	affect	the	cell	output	of	solid	state	

devices43,	44.	In	contrast	to	TiO2	bR-SC	reports
27,	31,	simple	electrostatic	binding	by	incubating	the	ZnO/FTO	

electrode	in	aqueous	suspension	of	bR	does	not	result	in	bR	immobilization.	Despite	of	the	high	isoelectric	

point	 (IEP)	 of	 9.5	 for	 ZnO	 and	 the	 low	 IEP	 and	 electric	 dipole	 of	 bR	 of	 5	 45,	 deviations	 from	 the	 ideal	

electrostatic	map	of	bR	charged	amino	acids	may	take	place	locally27,	making	the	development	of	a	strong	

electrostatic	bond	difficult.	Covalent	bonding	and	Langmuir-Blodgett	techniques	have	been	reported	for	bR	

immobilization	on	ZnO	46,	47.	

	

Figure	5.2. Energy	level	diagram	for	a	bR-SC	

The	bR/electrolyte	interface	is	also	crucial	for	the	bR-SC	performance.	It	is	necessary	to	find	alternative	

redox	 mediators	 to	 I-/I3
-	 due	 to	 its	 low	 solubility	 in	 water	 and	 corrosiveness.	 The	 electron	 shuttles	 in	

biological	systems	are	sulfur,	aromatic	rings	and	metallic	atoms.	The	chemistry	of	the	thiol	group	for	SCs	

has	 been	 highlighted	 in	 literature,	 with	 redox	 pairs	 such	 as	 cysteine/cysteine48	 or	 disulfide/thiolate49.	
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[Fe(CN)6]
3-/4	pair50-53	and	quinones	54,	55	are	biocompatible	mediators	that	have	been	studied	for	SCs.	have	

also	been	studied	as	electron	mediators	in	Dye-SCs	and	in	bio-photoelectrochemical	cells	fabricated	with	

bacterial	reaction	centre56,	57	and	photosystem	II	58.	The	combination	of	the	Fe-containing	cytochrome	c,	

with	quinones	and	synthetic	dyes	have	been	combined	as	mediators	 in	SCs	 too,	 inspired	 in	 the	proton-

coupled	electron	 transfer	 (PCET)	occurring	 in	photosynthesis	 59,	60.	 Even	 though	 the	 link	between	 redox	

processes	and	transmembrane	proton	gradients	is	the	unifying	concept	in	bioenergetics,	it	has	been	mostly	

disregarded	in	the	design	of	biophotovoltaics.	PCET	is	the	movement	of	an	electron	from	one	site	to	another	

accompanied	by	proton	transfer.	PCET	and	the	transport	of	protons	over	tens	of	angstroms	are	important	

in	all	living	cells	because	they	are	a	fundamental	link	between	redox	processes	and	the	establishment	of	

transmembrane	gradients	of	proton	electrochemical	potential,	known	as	proton-motive	force,	which	is	the	

unifying	concept	in	bioenergetics.	PCET	has	attracted	attention	from	the	scientific	community	recently	as	

an	approach	to	extend	the	lifetime	of	charge-separated	states	and	help	with	kinetic	competition	between	

power	generation	and	charge	recombination	processes	61,	62.	Beside	the	chromophores	for	light	absorption	

and	electron	donors	and	acceptors,	an	artificial	photoelectrochemical	cell	 incorporating	PCET	must	have	

the	and	proton	donors	and	acceptors61.	Electron	and	proton	low	resistance	current	pathways	(“wires”)	need	

to	be	developed	across	the	entire	system	61.	Coupling	electron	transfer	processes	with	proton	currents	helps	

to	extend	the	lifetime	of	charge-separated	states	as	it	competes	with	recombination	reactions.		

The	wettability	of	the	SC	photoanodes	influences	the	charge	transfer	at	the	bR/electrolyte	interface.	

Excessive	 hydrophilicity	 of	 the	 SC	 surface	 favors	 sensitizer	 molecule	 desorption,	 thus	 decreasing	 the	

photocurrent	 and	 the	 stability	 over	 time;	 on	 the	 other	 hand,	 highly	 hydrophobic	 dyes	 do	 not	 allow	 the	

complete	wettability	 of	 the	 electrode	which,	 in	 turn,	 results	 in	 a	 less	 effective	 regeneration	 process	 for	

aqueous	 electrolytes.	 An	 optimum	 between	 these	 two	 extremes	 has	 not	 been	 achieved	 so	 far,	 and	 the	

creation	 of	 an	 intimate	 photoanode/electrolyte	 interface	will	 be	 one	 of	 the	main	 research	 goals	 in	 the	

coming	yearsThe	addition	of	surfactants	has	been	demonstrated	to	improve	SC	performance26,	63.		
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In	 this	 work,	 we	 engineered	 the	 interfaces	 of	 ZnO/bR/electrolyte	 hterostructure	 for	 bR-SCs.	 The	

ZnO/bR	interface	was	studied	by	comparing	three	different	methods	for	purple	membrane	immobilization:	

dropcasting,	electrophoretic	sedimentation,	and	chemical	functionalization	with	PTES,	and	by	using	partial	

delipidation	of	bR	to	improve	protein-ZnO	ontact.	The	bR/electrolyte	interface	was	studied	by	comparing	

three	different	redox	mediators	I-/I3
-	,	[Fe(CN)6]

3-/4	and	HQ/BQ.	The	proton	presence	in	the	electrolyte	was	

investigated	 in	 the	 HQ/BQ	 system	 to	 get	more	 insight	 on	 PCET	 processes	 and	 the	 effect	 of	 surfactant	

addition	was	assessed	to	improve	the	wettability	of	the	photoanode.	The	functionality	of	the	bR	films	was	

verified	by	UV-Vis	and	their	morphology	was	characterized	with	SEM.	The	bR-SCs	RPA	and	kPA	were	measured	

through	EIS	and	their	photovoltaic	performance	was	evaluated	with	VOC	chronopotentiometry	and	LSV.		

	

 Experimental	Procedures	

5.2.1. bR-photoanodes	preparation		

Fluorine-doped	tin	oxide	(FTO)	coated	glass	(~7Ω/sq)	(Sigma-Aldrich)	was	cleaned	with	distilled	water	

water,	sonicated	in	acetone,	rinsed	with	isopropyl	alcohol	and	dried	under	nitrogen.	Then	it	was	annealed	

at	 400˚C	 and	 cooled	 down	 followed	 by	 immersion	 in	 HNO3	40%	 for	 2min.	 A	 thin	 film	 of	 ZnO	NPs	was	

deposited	 on	 the	 conductive	 part	 of	 FTO.	 The	 ZnO	 paste	 was	 composed	 of	 1:1	 ratio	 of	 commercially	

available	 ZnO	NPs	 40-100	 nm	 (Alfa	 Aesar	Nanotek	 #44899	 )	 and	 10-30nm	 (US	 Research	Nanomaterials	

#US35909).	The	paste	was	prepared	by	sonicating	the	NPs	with	2-butanol	in	1:6	weight	ratio	and	3%	acetic	

acid	as	dispersant.	This	paste	was	applied	by	slip-casting	a	layer	of	15	µl/cm2	on	the	TC	and	evaporating	the	

solvent	at	50°C.	Afterwards,	they	were	annealed	in	a	heating	furnace	(OTF-1200x,	MTI	Corp)	at	450˚C	for	

30	 minutes.	 A	 PDMS	 dielectric	 spacer	 of	 50	 µm	 thickness	 was	 casted	 on	 top	 of	 the	 ZnO/FTO	 before	

immobilizing	the	bR	to	avoid	exposing	the	protein	to	high	temperatures	of	PDMS	curing,	 leaving	a	1cm2	

photoactive	area	exposed.	The	ZnO/FTO	electrodes	were	subjected	to	UV-ozone	treatment	for	30min	to	
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increase	 its	 hydrophilicity	 right	 before	 bR	 immobilization,	 using	 a	 Hi	 Q	 Engineering	 UltraViolet	 Ozone	

Cleaner.	

The	wild	type	strain	NRC-1	and	mutant	D96N	bR	were	studied	in	 its	purple	membrane	and	partially	

delipidated	 forms.	 The	 purple	 membrane	 was	 provided	 by	 Dr.	 Senthil	 Prasad	 from	 the	 CSIR-IMTECH	

research	institute	from	India.	The	partially	delipidated	form	was	provided	by	Dr.	Renugopalakrishnan	from	

Northeastern	 University.	 The	 bR	was	 purified	 before	 using	 it	 by	 centrifuging	 at	 12000	 rpm	 for	 30	min	

followed	by	supernatant	extraction	and	refilling,	process	that	was	repeated	three	times.	The	protein	was	

suspended	in	5mM	tris	buffer	solution	pH	8	or	deionized	(DI)	water	with	concentration	2mg/ml.		

Three	methods	were	studied	for	protein	immobilization	on	the	ZnO/FTO	substrate,	using	30	µl/cm2	of	

the	bR	suspension.	For	dropcasting,	the	bR	was	deposited	at	room	temperature	on	the	ZnO/FTO	substrate	

and	dried.	For	the	PTES	technique,	the	ZnO/FTO	substrate	was	incubated	in	PTES	100%	(Sigma-Aldrich)	in	a	

50	°C	water	bath	for	1	hour.	Then,	the	bR	was	deposited	on	the	ZnO/FTO	and	incubated	for	12	hours.	For	

electrophoretic	sedimentation,	the	bR	was	suspended	in	DI	and	injected	between	the	ZnO/FTO	substrate	

and	an	FTO	counter	electrode	separated	by	the	PDMS	dielectric.	The	electric	field	was	applied	for	12	min	

using	a	semiconductor	parameter	analyzer	HP	4155A,	as	illustrated	in	Figure	5.3.	After	the	immobilization	

process,	the	substrates	were	rinsed	with	a	buffer	solution	and	with	DI	water	to	remove	the	weakly	adhered	

protein	from	the	ZnO	surface.	

	

Figure	5.3. Experimental	setup	for	BR	immobilization	on	ZnO	by	electrophoretic	sedimentation	(a)	schematics	and	
(b)	photograph.	

(a)	 (b)	
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Scanning	 electron	 microscope	 (SEM)	 was	 used	 to	 characterize	 the	 BR-ZnO	 interface	 using	 a	 FEI	

NanoSEM	 450	 with	 voltages	 between	 5	 and	 20	 kV.	 UV-Vis	 absorbance	 was	 acquired	 using	 a	

spectrophotometer	 DU	 800,	 Beckman	 Coulter.	 UV-Vis	 absorbance	 for	 suspensions	was	 taken	 in	 quartz	

cuvette.	UV-Vis	absorbance	of	bR	on	glass	was	taken	on	glass	slides	previously	cleaned	with	soap,	acetone	

and	 IPA,	 then	30	µl	of	bR	 (2mg/ml	 in	5mM	Tris	buffer	pH8)	was	deposited	on	each	slide,	and	air	dried,	

process	that	was	repeated	twice.	UV-Vis	absorbance	of	bR/ZnO/FTO	and	blank	ZnO/FTO	was	taken	from	

the	prepared	photoanodes.	

5.2.2. Electrolyte	preparation	and	characterization	

The	 I-/I3
-	 redox	 pair	 was	 studied	 in	 aqueous	 and	 organic	 media.	 The	 I-/I3

-	 aqueous	 electrolyte	 was	

composed	of	0.1	M	LiI,	0.03M	I2,	and	0.5	M	KCl	in	aqueous	solution.	The	I-/I3
-	acetonitrile	electrolyte	was	

composed	of	0.1	M	LiI,	0.03M	I2,	and	LiClO4	in	2:1	ratio	of	acetonitrile	to	ethylene	carbonate.	The	aqueous	

[Fe(CN)6]
3-/4	electrolyte	was	composed	of	200mM	K4Fe(CN)6	and	20mM	K3Fe(CN)6,	50mM	KCl	in	Tris	Buffer	

40mM	pH	8.	The	HQ/BQ	electrolyte	for	bR-SCs	was	prepared	in	acetonitrile	0.2	M	HQ	and	0.1M	LiClO4	and	

BQ	was	produced	by	linear	sweep	voltammetry.	The	cyclic	voltammetry	of	the	electrolytes	was	performed	

with	CHI	760C	electrochemical	station	at	a	rate	of	100mV/s	and	the	data	of	the	third	consecutive	cycle	was	

used	 for	displaying	and	extracting	 the	electrochemical	data.	The	working	electrode	was	Pt	disk	and	 the	

counter	electrode	was	Pt	mesh.	The	reference	electrode	for	aqueous	electrolytes	was	Ag/AgCl	filled	with	

saturated	KCl	(Ag/AgClSat’dKCl),	and	for	organic	electrolytes	it	was	Ag/Ag
+	filled	with	0.01M	AgNO3	and	0.1M	

tetrabutylammonium	perchlorate	(TBAP)	in	ACN	(Ag/Ag+0.01MAgNO3/0.1MTBAP/ACN).	The	Ag/AgClSat’dKCl	reference	

electrode	 has	 a	 fixed	 relative	 potential	 of	 0.199V	 vs	NHE,	 but	 the	 Ag/Ag+0.01MAgNO3/0.1MTBAP/ACN	 reference	

electrode	 has	 different	 potential	 vs	 NHE	 depending	 on	 its	 filling	 solution.	 To	 calibrate	 the	

Ag/Ag+0.01MAgNO3/0.1MTBAP/ACN	 reference	 electrode,	 formal	 potentials	 were	 determined	 versus	

ferrocenium/ferrocene	(Fc+/Fc	)	as	a	reference	system,	and	then	versus	normal	hydrogen	electrode	(NHE)	

with	a	value	established	for	E1/2,Fc+/Fc=0.64	V	vs	NHE	in	acetonitrile	and	25	°C	
55,	64.	The	E1/2,Fc+/Fc	was	measured	
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in	0.01M	Ferrocene,	0.01M	TBAP	electrolyte.	The	E1/2,Fc/Fc+=	-5mV	vs	Ag/Ag+0.01MAgNO3/0.1MTBAP/ACN		=	630mV	

vs	NHE,	therefore	the	potential	of	Ag/Ag+0.01MAgNO3/0.1MTBAP/ACN	is	635mV	with	respect	to	NHE.		

5.2.3. Counter	electrode	preparation	

The	counter	electrode	used	for	I-/I3
-	and	[Fe(CN)6]

3-/4-	was	a	Pt(40nm)/Ti(40nm)	film	e-beam	evaporated	

on	 glass	 using	 Temescal	 BJD	 1800.	 Three	 additional	 counter	 electrodes	were	 compared	 for	 the	HQ/BQ	

system:	 (1)	 graphite/FTO,	 (2)	 PEDOT:PSS/FTO	and	 (3)	 PtNPs/Ptfilm.	 The	 (1)	 graphite/FTO	electrode	was	

prepared	by	using	pencil	6B	on	cleaned	FTO	substrate.	The	(2)	PEDOT:PSS/FTO	was	used	because	of	PEDOT’s	

high	 activity	 with	 quinones55	 and	 was	 prepared	 by	 spincoating	 the	 PEDOT:PSS	 on	 FTO	 cleaned	 and	

pretreated	with	UV-Vis	 for	 5min65.The	 (3)	 PtNPs/Ptfilm	 electrode	was	 prepared	 by	 dropcasting	 10	mM	

H2PtCl6	ethanoic	solution	on	the	e-beam	evaporated	Pt(40nm)/Ti(40nm)	film	for	one,	two	or	three	times	at	

150˚C	and	annealing	to	500˚C	for	1hr	in	air.	Cyclic	voltammetry	was	applied	to	compare	the	electrocatalytic	

activities	of	the	four	materials	for	HQ/BQ	electrolyte,	using	the	fabricated	electrodes	as	working	electrodes,	

Pt	mesh	as	counter	electrode	and	Ag/Ag+0.01MAgNO3/0.1MTBAP/ACN	as	reference	electrode.	

5.2.4. Photoelectrochemical	characterization	of	bR-SCs		

The	 bR-photoanodes	 were	 used	 as	 working	 electrodes	 in	 a	 bR-SC	 electrochemical	 solar	 cell.	 Two	

replicates	were	tested	for	each	variable	to	assess	reproducibility.	Blank	cells,	ZnO/FTO	without	bR,	were	

tested	as	control.	The	photoanode	with	the	PDMS	spacer	was	clipped	with	the	counter	electrode	and	the	

electrolyte	was	injected	in	between	through	two	pre-drilled	holes	in	the	counter-electrode.	Electrochemical	

measurements	were	 taken	under	an	 irradiation	 intensity	of	100	mW/cm2	 from	an	USHIO	Xe	75W	 lamp	

connected	to	an	LPS-220B	(OBB®)	lamp	power	supply.	UV	radiation	was	filtered	with	a	pass	filter	for	some	

experiments.	To	determine	the	performance	of	bR-SCs,	a	CHI	760C	potentiostat	was	used	to	apply	LSV,	Voc	

chronopotentiometry	and	EIS.	LSV	was	measured	from	0	to	-500mV	with	a	rate	of	100	mV/s.	The	Voc	of	the	

cell	was	monitored	when	switching	 the	 light	on	and	off	using	an	automated	shutter.	EIS	was	measured	
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under	illumination,	within	a	frequency	range	of	0.1	Hz	to	105	Hz,	at	the	Voc	of	the	cell	and	an	amplitude	of	

10	mV.	 The	 experimental	 EIS	 data	was	 analyzed	 by	 fitting	 an	 equivalent	 circuit	model,	 as	 described	 in	

Chapter	1	66-68	with	an	error	less	than	10%.	

	

 Results		

The	absorbance	of	wild	type	bR	purple	membrane	suspended	in	phosphate	buffer	is	shown	in	Figure	5.4.	

The	peak	in	a	range	of	500	to	600	nm	corresponds	to	the	absorbance	of	the	protonated	Schiff-base	retinal	

chromophore	encapsulated	within	the	protein.	The	peaks	between	250	to	300	nm	correspond	to	aromatic	

amino	acids	(Tyr,	Phe,	Trp).	The	ratio	of	absorbance	at	A280/A570	is	2.6.		

	

Figure	5.4. UV-Vis	absorbance	of	NRC-1	wid	type	BR	suspension	in	water	(0.225mg/ml)	

The	morphology	of	 the	bR	purple	membranes	dropcasted	on	ZnO/FTO	can	be	observed	 in	the	SEM	

micrographs	in	Figure	5.5(a-d).	The	bR	coating	is	dense,	continuous	and	uniformly	distributed	on	the	ZnO	

substrate.	Even	though	the	PM	fragments	are	soft	material	and	conform	to	the	surface	morphology,	they	

do	not	penetrate	deep	into	the	mesoporous	layer	of	ZnO.	The	bR	forms	a	multilayer	lamellar	1-3	µm	thick	

coating	on	the	ZnO	surface.	The	presence	and	functionality	of	the	protein	on	the	substrate	are	confirmed	

in	the	UV-Vis	aborbance	of	Figure	5.5(e).	After	immobilization	on	the	substrate,	the	retinal	peak	at	550	nm	

is	still	evident,	confirming	not	only	the	presence	of	bR	on	the	surface,	but	also	the	stable	photoresponse	of	

the	retinal	molecule.	This	peak	is	not	observed	in	the	ZnO/FTO	reference.	
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Figure	5.5. (a-d)	SEM	micrographs	of	bR	purple	membane	on	ZnO,	(e)	UV-Vis	spectrometry	curve	for	the	

suspended	BR,	the	ZnO/FTO	substrate,	and	the	BR/ZnO/FTO	heterostructure.	

5.3.1. Effect	of	protein	immobilization	method	

We	studied	the	RPA,	fPA	and	photovoltaic	performance	of	bR-SCs	prepared	by	different	physical	methods	

for	immobilization	of	wild-type	bR	purple	membranes	on	ZnO.	In	dropcasting,	rapid	dehydration	of	bR	in	

ambient	 air	 caused	 peeling	 of	 the	 ZnO	 as	 shown	 in	 Figure	 5.6(a),	 while	 drying	 in	 saturated	 humidity	

effectively	 impregnated	the	bR	to	the	ZnO	without	mechanical	 failure	of	 the	film,	as	shown	 in	 in	Figure	

5.6(b),	indicting	that	slow	drying	rate	is	necessary	to	ensure	stability	of	the	bR/ZnO/FTO	interface.	

			 					 	
Figure	5.6. Samples	prepared	by	the	dropcasting	method	dried	in	(a)	ambient	air	and	(b)	saturated	humidity	
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To	 improve	 the	 binding	 of	 the	 hydrophobic	 purple	 membranes,	 the	 surface	 of	 ZnO	 was	 made	

hydrophobic	too,	by	chemical	functionalization	with	PTES,	as	shown	in	Figure	5.7(a).	When	the	un-treated	

ZnO	surface	was	functionalized	with	PTES,	the	contact	angles	did		not	change	(~	30°)	and	the	bR	film	was	

not	homogeneous	(Figure	5.7(b)).	When	a	pre-treatment	of	UV/ozone	and	hydration	was	applied	to	ZnO	

before	 PTES	 functionalization,	 the	 contact	 angle	 increased	 to	 77°	 and	 a	more	 uniform	 layer	 of	 bR	was	

obtained	(Figure	5.7(c)).	During	silanization,	hydroxylation	of	the	PTES	molecule	occurs	in	the	presence	of	

water	molecules;	therefore,	hydration	of	the	surface	is	a	determinant	factor	in	the	functionalization	process	

69.	

		 		 	

Figure	5.7. 	bR	immobilization	on	functionalized	ZnO	using	PTES	molecules,	(a)	molecular	structure,	(b)	bR	film	on	
ZnO/FTO	with	PTES	functionalization	without	pre-treatment	of	the	ZnO,	and	(c)	with	pre-treatment	of	the	ZnO	with	

UV-ozone	and	hydration	

To	obtain	selective	bR	orientation,	the	electrophoretic	method	was	used,	by	applying	a	positive	electric	

potential	on	the	ZnO	to	attract	the	cytoplasmic	side	of	the	bR,	which	contains	the	C-terminus	of	the	protein	

that	7	is	more	negative	at	pH	and	contains	carboxyl	groups	that	could	bind	to	the	ZnO,	orientation	that	has	

been	demonstrated	to	yield	the	 largest	photoresponse44.	The	evolution	of	 the	process,	 from	suspended	

purple	membranes	to	an	immobilized	film,	is	shown	in	Figure	5.8(a).	In	this	method,	the	purple	membrane	

film	quality	depends	on	the	applied	electric	field,	as	illustrated	in	Figure	5.8(b-d).	An	applied	electric	field	

of	30	V/cm	caused	few	molecules	of	bR	to	be	 immobilized.	When	the	electric	 field	was	 increased	to	50	

V/cm,	the	deposition	was	much	more	efficient.	At	60	V/cm,	bubbles	are	formed	due	to	water	electrolysis,	

causing	damage	the	ZnO	film.	The	deposition	was	not	completely	uniform	with	this	method	and	it	had	poor	

reproducibility,	probably	because	the	uneven	ZnO	slip-casted	film	resultd	in	local	variation	of	electric	field.	

(a)	
(b)	 (c)	
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Figure	5.8. (a)	bR	immobilization	applying	ES	technique	with	50	V/cm,	picture	taken	every	2	minutes.	Samples	
prepared	by	the	electrophoretic	sedimentation	applying	an	electric	field	(b)	30,	(c)	50	and	(d)	60	V/cm	

The	SC	performance	depends	on	charge	transfer	at	the	photoanode	interface,	described	by	the	RPA	and	

fPA.	To	compare	the	effect	of	immobilization	on	the	electron	transfer,	EIS	was	perform	for	the	bR-SCs	using	

aqueous	I-/I3
-	electrolyte.	The	EIS	Nyquist	and	Bode	plots	are	shown	in	Figures	5.9(a-b).	The	RPA	and	(fPA	)	is	

summarized	for	each	immobilization	method	in	Table	5.2.	The	resistance	of	the	transparent	conductor	(RTC)	

and	charge	transfer	resistance	at	the	counter	electrode	(RCE)	are	 less	than	40	Ω.cm
2	for	all	 the	samples,	

indicating	that	they	are	not	the	limiting	factor	of	the	cell.	In	contrast,	RPA	fitted	values	were	around	200	kΩ,	

similar	 to	 previous	 reports	 70,	 71.	 The	 high	 impedance	 shown	 by	 the	 BR-SCs	 could	 be	 explained	 by	 the	

multilayer	 film	 observed	 in	 the	 SEM	 micrograph	 in	 Figure	 5.5(d),	 as	 multiple	 bR	 layers	 increase	 the	

photocurrent	up	to	a	suitable	number	after	which	the	response	begins	to	fall	71.	The	electrophoresis	and	

dropcasting	methods	 resulted	 in	 cells	with	 comparable	RPA,	 as	 the	 interface	 is	 very	 similar	 in	 structural	

terms;	however,	it	is	observed	that	fPA	is	faster	for	electrophoresis,	indicating	that	the	selective	orientation	

of	the	protein	produces	faster	electron	transfer.	In	the	case	of	the	PTES	chemical	immobilization,	RPA	is	50%	

higher,	and	fPA	is	slower.	Although	the	PTES	ligand	facilitates	protein	immobilization	on	the	substrate,	it	also	

increases	the	electrical	resistance	of	the	system,	functioning	as	a	dielectric	layer69.		

	 	

(a)	

(b)	 (c)	 (d)	
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Table	5.2. Charge	transfer	resistance	RPA	and	rate	fPA	for	bR-SC	fabricated	by	different	immobilization	
metods		

	 	 Electrophoresis	 Dropcasting	 PTES	
Charge	transfer	resistance	 RPA	(kΩ.cm2)	 197	 195	 270	

Charge	transfer	rate	 fPA	(Hz)	 1.65	 0.45	 0.22	

	

	
Figure	5.9. Photoelectrochemical	characterization	of	bR-SCs	fabricated	using	different	immobilization	techniques	
and	filled	with	aqueous	I-/I3

-	electrolyte.	(a)	EIS	Nyquist	and	(b)	Bode	phase	diagram.	(c)	VOC	chronopotentiometry		

The	VOC	chronopotentiometry	of	the	bR-SCs	measured	using	UV-filter	 is	shown	in	Figure	5.9(c).	The	

blank	cell	did	not	produce	any	photo-response,	in	contrast	to	bR-SCs	that	generated	photo-voltage	upon	

illumination.	The	photovoltage	of	the	bR-SC	is	maintained	as	long	as	the	light	is	on,	indicating	a	continuous	

electron	pumping,	in	contrast	to	to	other	bR	devices	where	only	transient	phorovoltage	peaks	are	produced	

there	 is	 a	 variation	 in	 the	 illumination44.	 This	photo-voltage	 results	 from	 the	 charge	density	differences	

between	the	extracellular	side	and	the	cytoplasmic	side	of	the	bR	protein	formed	when	the	retinal	molecule	

pumps	protons	 from	one	 side	of	 the	purple	membrane	 to	 the	other.	 The	bR-photoanode	 fabricated	by	

electrophoresis	produces	a	photovoltage	12	times	larger	than	by	dropcasting.	As	illustrated	in	Figure	5.1(c),	

proton	 pumping	 in	 bR	 is	 unidirectional,	 from	 the	 cytoplasmic	 side	 to	 the	 extracellular	 side.	 The	

electrochemical	gradient	formed	is	a	vector,	and	the	sum	of	all	vectors	in	the	bR	film	results	in	the	total	VOC		

of	the	cell,	therefore,	bR	orientation	is	a	critical	aspect	for	its	application	in	photovoltaics.	The	electric	field	
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applied	during	electrophoresis	causes	uniform	orientation	of	the	membranes	on	the	substrate,	due	to	the	

dipolar	moment	of	the	biomolecule,	and	maximizes	the	sum	of	vectors	to	produce	a	larger	photovoltage.	

The	 random	orientation	 in	dropcasting	 results	 in	 opposing	 vectors	 that	 lead	 to	 field	 compensation	 and	

reduction	of	net	charge	transfer.	Similar	results	have	been	reported	for	a	bR	solid-state	device,	where	films	

with	 selective	 orientation	 have	 shown	 photocurrent	 of	 820	 pA,	 in	 comparison	 to	 15	 pA	 for	 randomly	

oriented	films20.	

5.3.2. Effect	of	partial	delipidation	of	bR	

To	obtain	functional	interfacing	of	natural	membrane	proteins	with	synthetic	materials	it	is	important	

to	determine	if	the	protein	should	be	kept	membrane-bound	or	be	separated	from	the	lipids.	The	protein	

gains	stability	from	the	lipid	matrix	when	expressed	in	the	native	organism	and	its	isolation	considerably	

decreases	the	biochemical	and	thermodynamic	stability.	On	the	other	hand,	the	purified	bR	 is	a	smaller	

particle	and	may	have	less	steric	hindrance	and	more	accessibility	to	bind	to	the	ZnO,	with	closer	distance	

to	substrate	 for	 improved	charge	transfer.	We	compare	the	 film	morphology	of	purple	membranes	and	

partially	delipidated	bR	dropcasted	on	ZnO	NPs	with	photographs	and	SEM	micrographs	in	Figures	5.10(a-

d).	The	photographs	show	that	purple	membranes	form	agglomerates	on	the	surface	of	the	ZnO,	while	the	

partially	 delipidated	 bR	 forms	 a	 continuous	 homogeneous	 film.	 The	 cross-sectional	 SEM	 shows	 a	 clear	

interfacial	 separation	between	 ZnO	and	purple	membranes,	while	 a	more	 intimate	 contact	 and	 slightly	

deeper	penetration	 is	observed	for	the	partially	delipidated	bR	 inde	the	pores	of	the	ZnO	film.	 In	either	

case,	the	bR	forms	a	film	on	top	of	the	ZnO,	instead	of	penetrating	the	pores.	The	bR	is	considered	one	of	

the	 smallest	 intrinsic	 proteins	 with	 a	 molecular	 weight	 of	 only	 24,000	 Da,	 globular	 monomers	 have	

diameters	 of	 3-5nm72,	 73	 therefore,	 the	 largest	 bR	 trimer	 size	 could	 be	 15nm.	 Depositing	 30	 ul	 of	 bR	

suspension	with	concentration	2mg/ml	the	in	estimated	bR	density	is	2.5x10-9	mol/cm2	of	ZnO	geometrical	

area.	For	a	nanostructured	ZnO	electrode	made	with	30nm	NPs	and	20	µm	thickness,	the	surface	area	to	

geometrical	 area	 ratio	 is	 approximately	 1000:174,	 therefore	 the	 bR	 density	 is	 estimated	 to	 be	 2.5x10-12	
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mol/cm2	of	ZnO	surface		area.	For	the	protein	formate	dehydrogenase	with	MW	from	Desulfovibrio	gigas,	

with	a	total	molecular	weight	of	134kDa,	a	densely	packed	monolayer	was	formed	on	a	freshly	polished	

pyrolytic	graphite	edge	electrode	with	a	concentration	of	3.7x10-12	mol/cm2	surface	area75.		

	

Figure	5.10. Photographs	of	(a)purple	membrane	and	(b)	partially	delipidated	bR	on	ZnO	NPs.	Cross-sectional	SEM	
micrographs	of	(c)	purple	membrane	and	(d)	partially	delipidated	bR	on	ZnO	NPs.	(e)	Stability	of	purple	membranes	
and	partially	delipidated	bR	thin	films	on	glass	in	electrolyte	components	measured	as	ΔAbs	∕Abs0	of	the	retinal		

We	compared	the	stability	of	purple	membrane	and	partially	delipidated	bR	films	dropcasted	on	glass	

towards	different	electrolyte	components.	The	UV-Vis	absorbance	of	retinal	(~550nm)	was	measured	for	

the	 films	before	 and	 after	 immersing	 for	 2hrs	 in	 acetonitrile	 and	 aqueous	 solutions	 of	 tris	 buffer,	 I-/I3
-,	

[Fe(CN)6]
3-/4-,	PEG	and	TritonX.	 	Figure	5.10(e)	summarizes	 the	normalized	change	of	absorbance	of	 the	

retinal	peak,	Δ𝐴𝑏𝑠 𝐴𝑏𝑠%,	given	by	Equation	1.		

Δ𝐴𝑏𝑠 𝐴𝑏𝑠% =
'()*'()+
'()+

	 	 Equation	1	

For	purple	membrane	films,	the	retinal	absorbance	decreased	between	80	and	100%	in	all	aqueous	

solutions,	and	10%	in	acetonitrile.	For	partially-delipidated	bR	the	absorbance	decreased	by	90-100%	in	I-

/I3
-	and	Triton	X,	by	70%	in	PEG	and	remained	stable	in	acetonitrile	and	tris	buffer	and	[Fe(CN)6]

3-/4.	The	UV-

Vis	 results	 indicate	 that	 the	 partially	 delipidated	 bR	 	 films	 are	 more	 stable	 on	 oxide	 than	 the	 purple	

membranes.	 The	 photographs	 and	 SEM	micrographs	 also	 indicate	 a	 better	 interaction	 for	 the	 partially	

delipidated	bR	with	ZnO	than	the	purple	membranes.	The	partial	delipidation	of	 the	membrane	protein	
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improves	the	contact	between	the	bR	and	the	oxide	substrate,	which	we	attribute	to	reduction	of	protein	

hydrophobicity	and	exposure	of	more	aminoacids	residues	for	additional	interaction	with	oxide	surface.		

5.3.3. Effect	of	redox	mediator	selection		

The	LSV	of	bR-SCs	fabricated	with	I-/I3
-	ACN	electrolyte	in	Figure	5.11(a)	shows	that	the	use	of	organic	

solvent	higher	Voc	(~200mV)	than	aqueous	electrolytes	(~10mV)	and	short-circuit	current	(Jsc)	of	~150µA	

with	 unfiltered	 light.	 However,	 when	 the	 UV	 light	 was	 filtered,	 the	 bR-SC	 produced	 a	 Jsc	 equal	 to	 that	

obtained	 in	 dark	 conditions,	 which	 indicates	 that	 bR	 is	 not	 producing	 any	 photocurrent	 in	 I-/I3
-	 ACN	

electrolyte.	Furthermore,	the	bR	lost	its	purple	color	after	testing	the	device	as	shown	in	Figure	5.11(b-c).	

Therefore,	 the	 bR	 seemed	 to	 not	 be	 photoelectrically	 active	 in	 the	 I-/I3
-	 ACN	 electrolyte,	which	 can	 be	

attributed	to	the	bleaching	of	the	retinal,	and	the	high	RPA.	Therefore,	the	use	of	[Fe(CN)6]
3-/4-	and	HQ/BQ	

alternative	mediators	was	compared	to	I-/I3
-	acetonitrile	electrolyte.	

	

Figure	5.11. (a)	Linear	sweep	voltammetry	curve	for	purple	membrane	bR-SC	with	I-/I3
-	in	acetonitrile	electrolyte.	

Photographs	of	bR-photoanode	(a)	before	and	(b)	after	testing	the	bR-SC	

The	cyclic	voltammetry	of	I-/I3
-	acetonitrile	electrolyte	is	shown	in	Figure	5.12(a),	displaying	two	redox	

reactions,	described	by	Equations	1	and	276.		

3I-		⇄		I3
-	+	2e-		 	 Equation	1	

2I-		⇄		I2	+	2e
-		 	 Equation	2	
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For	I-/I3
-	acetonitrile	electrolyte	E1/2,1=0.56	V	vs	NHE	=	-5	V	vs	vacuum,	and	E1/2,2=1.14	V	vs	NHE	=	-5.58	V	vs	

vacuum.	The	cyclic	voltammetry	of	[Fe(CN)6]
3-/4-	aqueous	electrolyte	is	shown	in	Figure	5.12(b)	and	displays	

only	one	redox	reaction,	with	E1/2=0.439	V	vs	NHE=	-4.88	V	vs	vacuum,	which	is	consistent	with	literature77.	

		

Figure	5.12. Cyclic	voltammetry	for	(a)	I-/I3
-	acetonitrile	electrolyte	and	(b)	[Fe(CN)6]

3-/4-	aqueous	electrolyte	

The	electrocatalytic	activity	of	platinum	has	been	reported	to	be	poor	for	HQ/BQ	55,	78.	Therefore,	we	

compared	graphite/FTO,	PEDOT:PSS/FTO	and	Pt/Ti	film	by	cyclic	voltammetry	in	the	HQ/BQ	electrolyte	in	

Figure	5.13(a).	The	only	material	that	produced	REDOX	peaks	was	the	Pt	film,	but	its	non-faradaic	current	

density	was	lower	than	the	other	materials.	The	electrochemical	data	from	the	CV	is	summarized	in	Table	

5.3.	 The	 peak	 separation	 in	 Pt	 film	 DE=280	 indicates	 non-reversibility	 of	 the	 reactions.	 Anionic	

intermediates	 of	 quinones	 can	 interact	 strongly	 by	 hydrogen	 bonding	 with	 other	 species,	 forming	 a	

quinhydrone-like	complex	(dimer)	via	strong	hydrogen	bonds	and	be	adsorbed	in	the	electrode	surfaces79,	

80.	 We	 increased	 the	 surface	 area	 of	 the	 Pt	 film	 by	 depositing	 Pt	 NPs	 on	 top,	 which	 maintained	 its	

electrocatalytic	activity	and	increased	the	non-faradaic	current.	The	number	of	Pt	NPs	layer	optimization	is	

shown	in	Figure	5.13(b).	As	the	number	of	Pt	NPs	layers	applied	was	increased,	the	non-faradaic	current	

increased,	the	peak	separation	became	narrower,	with	a	DE=135	for	three	layers,	and	a	positive	shift	of	the	

reduction	potential	Ered	is	observed,	indicating	improvement	of	the	electrocatalytic	properties	for	HQ/BQ	

system	and	a	decrease	of	overpotential	for	BQ	reduction,	which	is	beneficial	for	its	application	as	counter	

electrode	 in	 the	 HB/BQ	 bR-SC.	 For	 HQ/BQ	 electrolyte	 E1/2=0.9V	 vs	 NHE=	 -5.3	 V	 vs	 vacuum.	 The	 redox	
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potentials	 for	 the	 I-/I3
-	 ACN,	 [Fe(CN)6]

3-/4-	 and	 HQ/BQ	 electrolytes	 obtained	 by	 cyclic	 voltammetry	 are	

summarized	with	the	energy	levels	of	the	materials	in	the	bR-SCs	in	Figure	5.14.	Good	matching	is	predicted	

for	the	three	mediators	as	donors,	and	the	bR/ZnO	acceptor,	which	is	important	for	achieving	molecular-

wire	behaviour81.	

Table	5.3. Electrochemical	data	of	HQ/BQ	acetonitrile	electrolyte	obtained	by	cyclic	voltammetry		

	 Eox	(mV	vs	NHE)	 Ered	(mV	vs	NHE)	 E1/2	(mV	vs	NHE)	 DE	(mV)	

Ref55	 1256	 715	 985.5	 541	
Evap	Pt	 1025	 745	 885	 280	
PtNPs	1L	 1015	 706	 861	 309	
PtNPs	2L	 980	 777	 879	 203	
PtNPs	3L	 965	 830	 898	 135	

	

	

Figure	5.13. Cyclic	voltammetry	of	HQ/BQ	electrolyte	using	as	electrodes	(a)	graphite/FTO,	PEDOT:PSS/FTO,	Pt	film	
and	1-layer	PtNPs/Ptfilm	and	(b)	1-,	2-,	and	3-layer	of	Pt	NPs	on	Pt	film	(c)	Energy	level	alignment	in	the	SC	

including	the	redox	potential	of	I-/I3
-	(ACN),	[Fe(CN)6]

3-/4-	and	HQ/BQ	mediators		
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The	 photovoltage	 produced	with	 bR-SCs	was	 compared	 to	 blank	 cells	 for	 each	mediator	 in	 Figure	

5.14(a-c).	For	I-/I3
-	the	photovoltage	was	relatively	high,	~200mV,	but	the	addition	of	bR	did	not	provide	any	

additional	 photovoltage,	 indicating	 that	 bR	 is	 not	 performing	 a	 photoelectric	 function	 in	 the	 I-/I3
-	 ACN	

electrolyte.	For	the	[Fe(CN)6]
3-/4-,	the	photovoltage	was	slightly	higher	for	the	bR-SC	compared	to	a	blank	

cell,	but	the	total	photovoltage	was	low,	~10mV.	Three	order	of	magnitude	faster	recombination	rates,	but	

causes	a	positive	shift	of	CB	that	counteract	this	effect	(Duffy	2000).	Substitution	of	the	intrinsically	slow	

two	 electron	 I−/I3
−	 redox	 couple	 with	 a	 one	 electron	 redox	 couple	 like	 [Fe(CN)6]

3-/4	 can	 increase	

recombination	losses	50. For	the	HQ/BQ,	the	photovoltage	was	relatively	high	for	the	blank	cell,	~225mV,	

and	even	larger	photovoltage	was	obtained	for	bR-SCs,	~275mV.	Therefore,	there	is	good	energy	alignment	

of	the	photoanode	with	HQ/BQ	and	the	bR	is	performing	a	photoelectric	function	in	this	system.	

	

	

Figure	5.14. Photovoltage	response	of	bR-SC	and	blank	cells	fabricated	with	different	redox	mediators	(a)	I-/I3
-	(b)	

[Fe(CN)6]
3-/4-	and	(c)	HQ/BQ.	EIS	(d)	Nyquist	and	(e)	Bode	phase	plot	for	Dye-SC	and	bR-SCs	fabricated	with	I-/I3

-,		
[Fe(CN)6]

3-/4-	and	HQ/BQ	mediators	

The	 effect	 of	 redox	mediator	 in	 the	 charge	 transfer	 at	 the	 bR-photoanode/electrolyte	 interface	 is	

analyzed	with	the	EIS	Nyquist	and	Bode	phase	plots	of	Figure	5.14(d-e).	[Fe(CN)6]
3-/4-	does	not	display	an	

I-/I3- in	ACN Hydroquinone/Benzoquinone	in	ACN	
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element	of	charge	transfer	in	the	medium-low	frequency,	which	might	be	causing	the	low	photovoltages	

observed.	HQ/BQ	resembled	more	the	events	of	iodide/triiodide,	but	with	higher	RPA.	It	has	been	reported	

that	 quinones	 reduce	 recombination	 resistance	 compared	 to	 Co2+/3+tris(bpy)reference	 electrolyte	 and	

down	shift	of	conduction	band	of	TiO2
55.	

	

5.3.4. Effect	of	solvent	composition	and	surfactant	addition	in	the	electrolyte	

Different	 surfactants	 have	 been	 reported	 in	 aqueous	 SCs	 electrolyte	 to	 improve	wettability	 of	 the	

hydrophobic	nano-TiO2.	The	addition	of	0.1%	Tween	20	to	a	dye-SC	with	aqueous	[Fe(CN)6]
3+/4+	electrolyte	

enabled	 the	 electrolyte	 to	 wet	 the	 hydrophobic	 TiO2	 dyed	 film	 and	 reproducible	 photovoltaic	

performance50.	Cholic	acid,	also	known	as	chenodeoxycholic	acid,	has	been	used	as	surfactant	in	dye-SCs	

and	 increased	 the	 efficiency	 by	 30%63,	 82.	 We	 compared	 the	 stability	 of	 a	 partially	 delipidated	 bR	 film	

dropcasted	on	glass	towards	four	different	surfactants:	Tween	20,	Triton	X,	PEG	and	sodium	cholate,	a	salt	

of	cholic	acid,	molecules	illustrated	in	Figure	5.15(a).	The	UV-Vis	absorbance	of	the	film	before	and	after	

immersing	 it	 for	2hrs	 in	a	2mM	surfactant	aqueous	solution	 is	shown	 in	Figure	5.15(b).	The	absorbance	

peaks	 of	 the	 aromatic	 aminoacids	 between	 200-300nm	 and	 of	 the	 retinal	 at	 550	 nm	 are	 visible	 for	 all	

samples	before	immersing	in	the	solution,	but	most	of	them	vanish	afterwards,	except	for	sodium	cholate.	

The	 normalized	 change	 of	 absorbance,	Δ𝐴𝑏𝑠 𝐴𝑏𝑠% ,	 given	 by	 Equation	 1,	 for	 aromatic	 aminoacids	 and	

retinal	peaks	 is	summarized	 in	Figure	5.15(c)	for	each	surfactant	solution	and	DI	water.	The	absorbance	

decreased	by	almost	100%	for	DI	water	and	tween	20	solutions,	between	80-90%	for	Triton	X,	around	60%	

for	PEG	and	only	10%	for	sodium	cholate.	The	decrease	in	absorbance	occurs	for	both	aromatic	aminoacids	

and	retinal	peaks	indicating	that	the	mechanism	is	not	retinal	bleaching,	but	caused	by	denaturing	of	the	

protein	 or	 deattachment	 of	 protein	 from	 the	 glass	 surface.	 The	 absorbance	 only	 remains	 stable	 after	

immersion	in	sodium	cholate	solution,	even	more	stable	than	pure	DI	water.	Sodium	cholate	may	be	filling	

up	empty	spaces	on	the	hydrophobic	glass	and	prevent	hydrolysis	of	the	bR-glass	bond26.	Therefore,	
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we	selected	sodium	cholate	as	the	optimum	surfactant	to	improve	the	wettability	of	the	electrolyte	in	the	

hydrophobic	ZnO/FTO	platform	of	the	bR-SC.		

		

Figure	5.15. (a)	Molecular	structure	of	surfactants	compared,	(b)	UV-Vis	absorbance	of	delipidated	D96N	mutant	
bR	before	and	after	exposing	to	the	surfactant	solution,	(c)	bR	film	stability	measured	for	each	surfactant	as	ΔAbs	

∕Abs0	and	(d)	effect	of	surfactant	addition	in	CV	of	ZnO/FTO	photoanode	in	aqueous	[Fe(CN)6]
3-/4-	solution	

To	ensure	that	sodium	cholate	helps	 in	the	charge	transfer	efficiency	between	the	photoanode	and	

redox	mediators	 in	aqueous	electrolyte	we	performed	a	 cyclic	 voltammetry	 (CV)	of	a	blank	ZnO/FTO	 in	

aqueous	[Fe(CN)6]
3-/4-.	The	CV	is	shown	for	a	non-treated	electrode	with	and	without	surfactant,	as	well	as	

for	a	UV/Ozone	treated	electrode	without	surfactant.	When	no	surfactant	 is	added	and	no	treatment	 is	

applied,	the	current	is	very	low,	and	no	oxidation	peak	is	observed.	After	adding	the	2mM	surfactant,	the	

current	increases	and	the	redox	peaks	become	well-defined.	The	surfactant	addition	outperforms	UV-ozone	

treatment.	UV/ozone	treatment	is	temporal	effect83,	and	bR	itself	could	make	the	electrode	hydrophobic.	

The	surfactant	improves	the	wettability,	therefore	the	charge	transfer	efficiency	between	the	hydrophobic	

ZnO	NPs	and	an	aqueous	electrolyte.		

The	effect	of	electrolyte	solvent	composition	and	addition	of	surfactant	on	bR-SC	performance	was	

studied	with	partially	delipidated	bR	dropcasted	on	ZnO/FTO.	The	HQ/BQ	electrolytes	were	prepared	using	

(b)	

(c)	(a)	

(d)	
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different	solvent	composition:	dry	ACN,	ACN	with	10%	DI	water	(ACN-H2O)	and	ACN-H2O	with	2mM	sodium	

cholate	(ACN-H2O-NaCh).	The	blank	and	sensitized	ZnO	with	partially	delipidated	bR	of	mutant	D96N	were	

compared.	The	LSV	and	maximum	power	output	(Pmax)	of	each	cell	are	depicted	in	Figures	5.16(a-b).	For	

the	dry	ACN,	the	mutant	bR	produced	larger	Jsc	and	Pmax	than	the	blank.	When	10%	DI	water	was	added	to	

the	 electrolyte,	 the	 Jsc	 and	 Pmax	 was	 more	 than	 triplicated	 for	 both	 blank	 and	 D96N	 cells.	 When	 the	

surfactant	 was	 added	 in	 2	 mM	 concentration	 the	 Jsc	 slightly	 decreased,	 but	 the	 fill	 factor	 was	 larger,	

therefore	the	Pmax	increased	slightly.	bR-SCs	fabricated	with	wild-type	and	D96N	mutant	bR	showed	very	

similar	LSV	Jsc=0.1mA/cm2	and	Pmax=	3	µW/cm2.	The	performance	of	our	bR/ZnO	SC	is	similar	to	that	first	

reported	 for	 bR/TiO2	 SC
27	 and	 much	 higher	 than	 solid-state	 devices	 and	 membrane-separated	

photoelectrochemical	cells.	The	ZnO	in	the	electrode	and	the	protons	in	the	electrolyte	increase	the	charge	

separation	life	and	prevent	charge	recombination	as	they	act	as	successive	energy	gradients	that	quickly	

shuttle	electrons	away	from	the	excitation	site	to	more	stable	sites8.	

	

Figure	5.16. 	(a)	LSV,	(b)	maximum	power	output,	(c)	EIS	Nyquist	and	(d)	Bode	plots		

The	RPA	and	kPA	between	the	bR-photoanode	and	the	HQ/BQ	electrolyte	were	studied	by	EIS,	and	the	

Nyquist	and	Bode	plots	for	each	cell	are	illustrated	in	Figure	5.16	(c-d).	The	D96N	bR-SC	had	smaller	RPA	and	

0E+0

1E-3

2E-3

3E-3

4E-3

5E-3

M
ax
im

um
	Po

w
er
	P
m
ax
		

(m
W
/c
m
2)

Samples	studied
• Blank
• D96N	bR
• WildType bR

Electrolytes	studied
• Dry	ACN
• ACN+10%H2O
• ACN+10%H2O+	NaCh

-20

0

20

40

60

80

100

120

140

-0.3-0.2-0.10

Cu
rre

nt
	d
en
sit
y	
(u
A/
cm

2)

Voltage	(V)

Blank	DryACN
D96N	DryACN
Blank	ACN-H2O
D96N	ACN-H2O
D96N	ACN-H2O-NaCh
WildType	ACN-H2O-NaCh

-8,000

-7,000

-6,000

-5,000

-4,000

-3,000

-2,000

-1,000

0
0 2,000 4,000 6,000

Im
ag
in
ar
y	
im

pe
da
nc
e	
Z"
	(Ω

.cm
2)

Real	impedance	Z'	(Ω.cm2)	

-80

-70

-60

-50

-40

-30

-20

-10

0
1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5

Im
pe
da
nc
e	
ph
as
e	
ϴ	
(˚)

Frequency	f (Hz)

(b)	

(c)	

(a)	

(d)	



	

	
121	

faster	kPA	than	the	blank	cell	 in	dry	ACN,	demonstrating	that	the	bR	with	HQ/BQ	mediator	 is	performing	

photo-induced	electron	transfer.	When	10%	water	was	added	to	the	electrolyte	(ACN-H2O),	the	bR-SC	also	

showed	lower	RPA	than	the	blank,	but	the	impedance	for	both	blank	and	bR-SC	increased,	especially	in	the	

low	 frequency	 range,	 correlated	 to	 an	 increase	 in	 the	Warburg	 diffusion	 impedance	 (W).	 After	 sodium	

cholate	was	added	to	the	ACN-H2O	electrolyte,	the	W	was	reduced,	resulting	in	the	smallest	impedance	

semicircles	 in	 the	 Nyquist	 plots.	 The	 sodium	 cholate	 effectively	 improved	 the	 interface	 contact	 in	 the	

presence	of	water	by	increasing	wettability	of	the	electrolyte	and	diffusion	of	electroactive	species,	as	it	

has	 been	 reported	 to	 help	 prevent	 adsorption	 of	 hydroquinone	 on	 the	 oxide	 surface80.	 No	 significant	

difference	was	observed	between	wild-type	and	D96N	mutant	bR-SCs	in	the	EIS	measurements,	and	the	RPA	

was	effectively	reduced	to	2,000	W/cm2		for	HQ/BQ	ACN	electrolyte	with	water	and	surfactant.			

The	charge	transfer	mechanisms	in	non-aqueous	media	depend	strongly	on	the	presence	or	absence	

of	proton	donor/acceptors.	In	the	absence	of	proton	donor/acceptors,	the	hydroquinone	undergoes	two	

successive	one-electron	 steps	 (Figure	5.17(a)).	 In	 the	presence	of	proton	donor/acceptors,	 the	electron	

transfer	process	 is	coupled	with	the	proton	transfer	processes	(Figure	5.18(b))84,	85.	A	hypothesis	on	the	

PCET	processes	taking	place	 in	 the	bR-SC	with	the	HQ/BQ	system	 is	 illustrated	 in	Figure	5.18(c).	On	the	

photoanode	the	HQ	oxidizes	to	BQ	and	increase	the	local	H+	concentration,	transferring	electrons	to	the	

photoanode	and	protons	to	the	retinal	pumping	process.	The	oxidized	BQ	diffuses	to	the	counter	electrode	

where	it	will	converted	back	to	HQ,	resulting	in	a	complete	recycling	process.	The	concentration	asymmetry	

that	the	photon	absorption	initiates	produces	a	photovoltage	according	to	Equation	2,	similar	to	the	PCET	

mechanisms	of	photoelectrochemical	devices	proposed	in	literature	62,	86.		

𝐸 = 𝐸% + ./
01
ln 45 [78]:

[75]
	 	 Equation	2	
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Figure	5.17. (a)	Proton-coupled	electron	transfer	in	bR-SC	using	hydroquinone/benzoquinone	redox	system,	(b)	
redox	reactions	for	HQ/BQ	system		

	

 Conclusions	

The	interfaces	in	a	ZnO/bR/electrolyte	were	engineered	for	a	bR-SC.	Three	different	techniques	were	

studied	 for	 purple	 membrane	 immobilization	 on	 a	 film	 of	 nanostructured	 ZnO.	 The	 EIS	 and	 LSV	

photoelectrochemical	characterization	of	the	bR-SCs	reveal	that	the	electrophoretic	technique	results	 in	

faster	 transfer	 rate	 of	 photoelectrons	 and	 photovoltage	 12	 times	 as	 high	 as	 dropcasting.	 The	 uniform	

orientation	 of	 the	 protein	 maximizes	 the	 sum	 of	 electrochemical	 gradient	 vectors.	 The	 chemical	

functionalization	of	ZnO	with	PTES	increased	the	charge	transfer	resistance	and	reduced	the	transfer	rate,	

acting	as	a	dielectric	layer.	UV-Vis	absorbance	showed	the	characteristic	absorption	peaks	of	the	bR	retinal	

molecule	immobilized	on	ZnO.	SEM	cross-section	micrograph	show	a	1-3um	thick	purple	membrane	layer	

on	 top	 of	 the	 ZnO,	 not	 penetrating	 inside	 the	 pores.	 The	 charge	 transfer	 resistance	 at	 the	

ZnO/bR/electrolyte	 interface	was	 in	 the	 order	 of	 200,000	W/cm2	 in	 aqueous	 I-/I3
-	 	electrolyte,	 therefore	

several	approaches	were	explored	to	reduce	it.	The	partial	delipidation	of	bR	improved	the	stability	of	bR	
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films	and	a	more	intimate	contact	with	the	ZnO,	attributed	to	reduction	of	bR	hydrophobicity	and	exposure	

of	more	functional	groups	from	the	bR	aminoacid	sequence	for	interacting	with	the	oxide	substrate.	The	

[Fe(CN)6]
3-/4-	 and	HQ/BQ	 redox	pairs	were	 investigated	 as	 alternatives	 to	 I-/I3

-	 	due	 to	 their	 similarity	 to	

electron	mediators	in	nature,	good	energy	alignment	with	the	bR/ZnO	biophotoanode	and	they	have	been	

demonstrated	 for	 SCs	 in	 literature.	 HQ/BQ	 showed	 the	 largest	 bR-induced	 photovoltage	 for	 a	 total	 Voc	

=275mV.		Addition	of	10%	water,	a	proton	donor,	in	the	HQ/BQ	ACN	electrolyte	triplicated	the	Jsc	and	Pmax	

of	the	bR-SCs,	indicating	the	possibility	of	PCET	taking	place.	However,	the	water	addition	also	increased	

the	W	electrolyte	diffusion	resistance	in	the	hydrophobic	surface	of	the	electrode.	Adding	sodium-cholate	

as	surfactant	reduced	the	W	and	slightly	increased	the	power	generation.	bR-SCs	fabricated	with	wild-type	

and	D96N	mutant	bR	showed	very	similar	LSV	and	EIS	curves	with	Jsc=0.1mA/cm2	and	Pmax=	3	µW/cm2.	The	

charge	transfer	resistance	at	the	ZnO/bR/electrolyte	interface	was	effectively	reduced	to	2,000	W/cm2	in	

HQ/BQ	ACN	electrolyte	with	water	and	surfactant.	The	performance	of	our	bR/ZnO	SC	 is	similar	 to	that	

reported	 for	 bR/TiO2	 SC
27	 and	 much	 higher	 than	 solid-state	 devices	 and	 membrane-separated	

photoelectrochemical	cells.	The	ZnO	in	the	electrode	and	the	protons	in	the	electrolyte	increase	the	lifetime	

of	charge	separation	and	prevent	charge	 recombination	as	 they	act	as	 successive	energy	gradients	 that	

quickly	shuttle	electrons	away	from	the	excitation	site	to	more	stable	sites.	

	

 Future	work	

In	comparison	to	synthetic	dyes,	the	cells	reported	in	this	investigation	generate	a	relatively	low	power	

attributed	to	the	high	RPA	values.	We	will	continue	developing	the	design	of	a	bR	biophotovoltaic	cell	and	

exploring	different	approaches	to	improve	its	photoconversion	efficiency.	bR/TiO2	SCs	are	reported	to	have	

higher	power	output	than	our	cells,	however	they	do	not	report	for	comparison	the	results	for	blank	cells.	

We	 will	 study	 the	 new	 bR/quinone	 system	 using	 TiO2	 instead	 of	 ZnO	 to	 understand	 how	 does	 the	

semiconductor	selection	 is	affecting	 the	performance.	We	will	 investigate	quinone	derivatives	 for	 lower	
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activation	energy	of	charge	and	proton	transfer	at	the	ZnO/bR/electrolyte	interface55	as	well	as	addition	of	

other	proton	donor	and	acceptors	and	the	immobilization	of	mediators	in	the	electrode	to	overcome	the	

limitations	of	diffusion87.	We	will	use	nanostructured	ZnO	with	larger	pores	morphology	that	increases	the	

bR/ZnO	heterojunction	area	and	a	regular	surface	for	homogeneous	electrophoretic	deposition.	We	will	

study	other	forms	of	covalent	functionalization	of	the	bR	on	the	ZnO	that	can	improve	the	control	on	the	

bR	orientation	with	respect	to	the	ZnO	to	improve	the	electrical	wiring	of	the	system44,	81.	We	will	combine	

bR	with	other	photoactive	biomolecules	and	synthetic	particles,	like	QDs,	to	capture	a	broader	range	of	the	

solar	spectrum	and	create	low	resistance	electron	and	proton	fast	transfer	pathways.		
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Conclusions		
Breakthroughs	and	Limitations	in	the	Development	of	a	

Biophotovoltaic	System	Built	from	Renewable	Carbon	

The	transition	from	current	energy	sources	is	a	need	for	sustaining	the	development	of	our	society	and	

preventing	an	increase	in	global	temperature.	The	substitution	of	fossil	fuels	with	alternative	energy	sources	

does	not	necessarily	reduce	the	emissions	of	greenhouse	gases	(GHGs),	unless	the	technology	is	properly	

designed,	using	materials	that	are	not	only	functional,	but	sustainable.	In	the	case	of	photovoltaics,	the	use	

of	silicon	technology	represents	a	large	generation	of	GHGs	due	to	the	manufacturing	of	the	silicon	wafer.	

Other	 emerging	 technologies	 also	 required	 energy-intensive	 processes	 and	 non-abundant	 minerals.	

Considering	 that	 the	negative	 impacts	of	PV	 technology	are	mainly	derived	 from	material	 selection	and	

manufacturing	processes,	new	advanced	technology	that	uses	abundant,	renewable	and	biodegradable	

materials,	as	well	as	cleaner	processing,	needs	to	be	developed	for	the	sustainable	future	of	solar	energy	

conversion.	

We	have	explored	graphene	as	a	transparent	conductor	(TC)	for	solar	cells,	a	2D	nanomaterial	that	can	

be	 synthesized	 from	renewable	carbon	sources.	 In	 the	 first	 chapter,	we	worked	on	 the	performance	of	

graphene	as	TC.	The	graphene	synthesis	was	optimized	to	produce	large-area	films	of	high	conductivity,	

which	must	hold	two	characteristics:	be	mostly	single-layer	and	have	very	large	domain	size	(0.5mm).	This	

is	achieved	by	using	copper	substrates	with	99.8%	purity	and	90ppm	methane	in	Ar	as	precursor.	We	found	

that	a	relative	low	purity	is	necessary	for	nucleation	of	the	graphene	with	such	diluted	carbon	source.	This	

single-layer	graphene,	however,	is	not	conductive	enough	for	use	as	TC.	To	solve	this	problem,	we	increased	

the	material	thickness,	by	stacking	up	this	high-quality	graphene	films	up	to	4	layers	(4LG),	reducing	the	

sheet	resistance	from	1000	W/�	to	300	W/�.		
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The	4LG	was	compared	to	traditional	FTO	as	TC	for	the	photoanode	in	a	model	photovoltaic	system,	a	

dye-sensitized	solar	cell	(DSC)	made	with	ZnO	nanoparticles	(NPs).	The	results	demonstrate	that	such	4LG	

can	compete	in	performance	with	FTO	for	application	as	TC,	yielding	cells	with	the	same	power	conversion	

efficiency,	even	though	the	thickness	of	4LG	was	only	0.3%	of	the	FTO	thickness.	4LG	is	more	transparent	

to	 all	 the	 solar	 spectrum	 resulting	 in	 cells	 with	 larger	 open	 circuit	 potential	 and	 short-circuit	 current.	

However,	the	sheet	resistance	of	graphene	resulted	in	internal	losses	for	the	graphene	DSCs,	demonstrated	

by	a	lower	fill	factor	in	comparison	to	FTO	cells.	Another	important	limitation	of	graphene	is	its	chemical	

instability	in	oxidative	environments,	as	we	found	that	the	ZnO/graphene	hybrid	had	to	be	annealed	(400˚C)	

in	inert	atmosphere,	otherwise	it	would	lose	its	condutivity.	Replacing	traditional	tin	oxides	with	graphene	

as	TCs	would	allow	to	reduce	the	costs	of	raw	materials,	shrink	the	weight	and	thickness	of	the	devices	and	

mitigate	 the	 environmental	 and	 social	 impact	 of	 their	 production,	 while	 meeting	 industry’s	 technical	

requirements	to	advance	towards	flexible	portable	devices.	The	approach	of	stacking	high	quality	pristine	

CVD-graphene	is	promising	to	produce	TCs	for	large	scale	applications,	with	higher	σdc/op	than	rGO	or	CNT,	

and	lower	cost	than	metal	grids.	Despite	of	this,	two	current	technical	aspects	limit	the	further	application	

of	graphene	as	TC:	(a)	high	sheet	resistance	and	(b)	tendency	to	oxidation	at	high	temperatures	in	air.	

In	 the	 second	 and	 third	 chapter,	 we	 explore	 electrodeposition	 on	 graphene	 as	 a	 method	 for	 its	

interfacing	with	the	wide-bandgap	semiconductor	ZnO.	The	graphene-ZnO	platform	can	be	applied	for	a	

variety	of	photovoltaic	devices	configurations,	including	dye-,	quantum	dots-	and	bio-sensitized	solar	cells,	

organic-inorganic	heterojunction	cells,	perovskites	and	furthermore.	It	can	be	fabricated	on	traditional	glass	

substrates,	but	also	on	flexible	polymer	films	which	could	reduce	the	volume	and	weight	of	the	devices.	We	

have	effectively	and	reproducibly	grown	a	continuous	carpet	of	single-crystalline	and	highly	texturized	ZnO	

vertically-aligned	 nanorods	 (ZVNRs)	 in	 situ	 on	 graphene	 by	 electrodeposition.	 The	 graphene-ZVNRs	

heterostructure	is	characterized	with	a	novel	approach	from	the	two	sides	of	the	interface	formed	between	

the	2D	graphene	and	 the	3D	ZVNRs	array	 to	monitor	 the	 stability	of	 the	 sp2	 carbon	 lattice	 in	graphene	
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towards	 cathodic	 electrodeposition.	 The	 Raman	 shift	 spectra	 recorded	 from	 both	 sides	 of	 the	 junction	

demonstrate	 that	 the	 electrodeposition	 conditions	 prevent	 graphene	 oxidation	 and	 the	 sp2	 network	

remains	 intact.	 The	 method	 demonstrated	 for	 Raman	 spectroscopy	 of	 2D-3D	 heterojunctions	 is	

recommended	as	a	novel	tool	for	characterization	of	heterojunctions	with	similar	configurations.	

In	sensitized	solar	cells	(SCs),	having	a	large	junction	area	of	the	graphene-ZnO	platform	with	the	hole	

acceptor	 is	 desirable	 for	 a	 high	 photocurrent	 generation.	 We	 observed	 that	 the	 smooth	 non-reactive	

surface	of	CVD-graphene	delays	nucleation,	hindering	the	in	situ	growth	of	ZVNRs	with	very	small	diameter.	

Therefore,	 in	 the	 third	 chapter	 we	 further	 studied	 the	 experimental	 correlations	 between	 the	 ZVNR	

electrodeposition	 parameters	 and	 the	 corresponding	 performances	 of	 the	 heterostructure	 as	 a	 photo-

electrode,	with	the	objective	of	reducing	the	ZVNR	diameters.	The	ZVNR	film	can	be	made	more	compact	

and	 dense	 by	 increasing	 temperature	 and	 time,	 to	 evenly	 cover	 the	 graphene	 surface	 and	 block	

recombination	 losses	between	electrocatalytic	graphene	and	the	electrolyte.	However,	 the	reduction	of	

surface	area	when	the	film	becomes	more	compact	limits	the	photocurrent	generated	because	of	hindered	

light	scattering.	Non-stirred	conditions	promoted	formation	of	 longer	conical	rods	and	the	use	of	a	seed	

layer	reduced	the	ZVNR	diameter.	These	two	variables	together	resulted	 in	a	greater	surface	to	volume	

ratio	 of	 ZVNR,	 for	 improved	 light	 scattering	 and	higher	 photocurrent	generation,	 while	 retaining	 high	

photovoltage,	for	a	total	ten-fold	improvement	in	power	conversion.	Finally,	the	use	of	seed	layer	further	

reduced	the	ZVNR	diameter	to	~80nm.	Despite	of	these	diameter	reduction,	the	rod	morphology	resulted	

in	 low	 surface	 area	 and	 poor	 performance	 of	 the	 DSCs,	 compared	 to	 ZnONPs/graphene.	 The	 cathodic	

electrodeposition	for	in	situ	growth	of	crystalline	materials	like	ZnO	on	graphene	has	several	advantages,	

including	 relative	 fast	 deposition	 rates,	 low	 processing	 temperatures	 for	 use	 of	 polymeric	 flexible	

substrates,	 affordability,	 simplicity	 and	 more	 importantly,	 preservation	 of	 the	 sp2	 lattice	 of	 graphene.	

Alternative	electrodeposition	methods	 to	 fabricate	ZnONPs/Graphene	heterostructures	 is	an	 interesting	

field	of	research	to	provide	much	higher	surface	area	for	better	photovoltaic	performance.	
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In	 chapter	 IV,	 the	 interfaces	 in	 a	 ZnO/bacteriorhodopsin/electrolyte	 were	 engineered	 for	 a	 bR-SC.	

Three	different	techniques	were	studied	for	purple	membrane	immobilization	on	a	film	of	ZnO	NPs.	The	

photoelectrochemical	characterization	of	the	bR-SCs	reveal	that	the	bR	film	prepared	by	electrophoretic	

technique	on	ZnO	results	 in	faster	transfer	rate	of	photoelectrons	and	photovoltage	12	times	as	high	as	

dropcasting,	due	to	uniform	orientation	of	the	protein	that	maximizes	the	sum	of	electrochemical	gradient	

vectors.	In	the	meanwhile,	the	chemical	functionalization	of	ZnO	with	PTES	increased	the	charge	transfer	

resistance	and	reduced	the	transfer	rate,	acting	as	a	dielectric	layer.	The	deposition	of	bR	did	not	affect	its	

photo-activity,	but	SEM	cross-section	micrographs	show	that	bR	does	not	penetrate	inside	the	pores	of	the	

ZnO	NPs	film.	The	charge	transfer	resistance	at	the	ZnO/bR/electrolyte	interface	was	in	the	order	of	200,000	

W/cm2	in	aqueous	I-/I3
-		electrolyte,	therefore	several	approaches	were	explored	to	reduce	it.	The	partial	

delipidation	of	bR	improved	the	stability	of	bR	films	and	a	more	intimate	contact	with	the	ZnO,	attributed	

to	reduction	of	bR	hydrophobicity	and	exposure	of	more	functional	groups	in	bR	for	interacting	with	the	

oxide	substrate.	The	[Fe(CN)6]
3-/4-	and	HQ/BQ	redox	pairs	were	investigated	as	alternatives	to	I-/I3

-		due	to	

their	similarity	to	electron	mediators	 in	nature,	good	energy	alignment	with	the	bR/ZnO	biophotoanode	

and	their	previous	demonstration	for	SCs	in	literature.	HQ/BQ	showed	the	largest	bR-induced	photovoltage	

for	a	total	Voc	=275mV.		Addition	of	10%	water,	a	proton	donor,	in	the	HQ/BQ	ACN	electrolyte	triplicated	

the	short-circuit	current	and	power	conversion	efficiency	of	the	bR-SCs,	indicating	the	possibility	of	proton-

coupled	electron	transfer	taking	place.	However,	the	water	addition	also	increased	the	electrolyte	diffusion	

resistance	(W)	in	the	hydrophobic	surface	of	the	electrode.	Adding	sodium-cholate	as	surfactant	reduced	

the	W	and	slightly	increased	the	power	generation.	bR-SCs	fabricated	with	wild-type	and	D96N	mutant	bR	

showed	very	similar	photoelectrochemical	response,	which	was	unexpected	because	the	D96N	mutant	has	

slower	 photocycle	 than	 bR.	 The	 charge	 transfer	 resistance	 at	 the	 ZnO/bR/electrolyte	 interface	 was	

effectively	reduced	to	2,000	W/cm2	in	HQ/BQ	ACN	electrolyte	with	water	and	surfactant.	The	performance	

of	our	bR/ZnO	SC	is	similar	to	that	reported	for	bR/TiO2	SC
26	and	much	higher	than	solid-state	bR	devices	
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and	membrane-separated	bR	photoelectrochemical	cells.	The	ZnO	in	the	electrode	and	the	protons	in	the	

electrolyte	 increase	 the	 lifetime	of	 charge	 separation	 and	prevent	 charge	 recombination	 as	 they	 act	 as	

successive	energy	gradients	that	quickly	shuttle	electrons	away	from	the	excitation	site	to	more	stable	sites.		

This	dissertation	has	discussed	the	application	of	two	carbon-based	materials	from	renewable	sources	

in	 the	 photoanode	of	 solar	 cells:	 graphene	 and	bacteriorhodopsin.	 Their	 technical	 feasibility	 to	 replace	

traditional	 materials	 like	 tin	 oxides,	 in	 the	 case	 of	 graphene,	 and	 synthetic	 dyes,	 in	 the	 case	 of	

bacteriorhodopsin,	has	been	demonstrated.	Carbon	is	an	abundant	material	in	the	surface	of	our	planet,	in	

fact,	the	increase	of	concentration	in	the	atmosphere	has	become	a	major	concern	due	to	the	burning	of	

fossil	 fuels.	Further	research	 in	the	field	 is	required	to	overcome	the	 limitations	here	 identified,	such	as	

reduction	of	sheet	resistance	of	graphene,	development	of	methods	for	oxide	deposition	on	graphene	that	

do	not	require	heat	treatment	and	result	in	large	surface	area	of	the	oxide	and	reduction	of	electron	transfer	

resistance	at	the	interface	of	electrolyte-bacteriorhodopsin-oxide.	The	research	in	this	field	will	continue	

by	the	author,	together	with	an	interdisciplinary	and	international	team	of	collaborators	looking	to	finally	

achieve	 the	goal	of	 an	efficient	biophotovoltaic	 cell	 from	 renewable	 carbon	 fabricated	with	 low-energy	

processes.	

	




