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ABSTRACT	OF	THE	DISSERTATION	

Detailed	Balance	Modeling	of	Novel	Solar	Fuels	Designs	

By	

	

Samuel	Thomas	Keene	

Doctor	of	Philosophy	in	Physics	

	University	of	California,	Irvine,	2018	

Professor	Shane	Ardo,	Chair	

	

Models	of	solar	fuels	devices	that	are	completely	electrochemically-mediated	and	consist	of	

ensembles	 of	 optically	 thin	 light	 absorbers	 were	 used	 to	 calculate	 their	 maximum	

theoretical	 solar-to-fuel	 efficiencies.	 These	 models	 are	 based	 on	 the	 thermodynamic	

principles	of	detailed	balance	and	blackbody	radiation,	semiconductor	device	physics,	and	

simple	catalysis.	The	maximum	efficiency	of	an	electrochemically-mediated	tandem	water	

splitting	device	was	calculated	and	the	crucial	dependence	of	 this	efficiency	on	the	redox	

shuttle	thermodynamic	potential	was	elucidated.	A	novel	model	of	a	stack	of	optically	thin,	

radiatively	coupled	 light-absorbers	 that	each	 independently	perform	solar	 fuels	reactions	

was	 developed	 to	 demonstrate	 the	 substantial	 gains	 in	 solar-to-fuel	 efficiency	 that	 are	

possible	when	using	ensembles	of	small	light-absorbers.	The	results	presented	herein	can	

be	 used	 by	 researchers	 to	 develop	 high-efficiency,	 low-cost	 solar	 fuels	 materials	 and	

devices.	
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Introduction	

Limiting	the	extent	of	anthropogenic	climate	change	is	one	of	society’s	greatest	challenges	

for	the	21st	century.	It	is	projected	that	if	greenhouse	gas	emissions	are	allowed	to	increase	

at	their	current	rate,	the	global	average	surface	temperature	will	increase	by	4°C,	the	mean	

sea	level	will	rise	nearly	one	meter,	and	the	oceans	will	acidify	by	0.3	pH	by	the	year	21001.	

In	order	to	avoid	these	catastrophic	changes	to	Earth’s	climate,	the	primary	energy	share	

from	renewable	sources	must	more	than	double	by	2030	and	quadruple	by	2050.	Because	

wind	and	solar,	the	renewable	sources	for	which	there	is	the	most	generation	capacity,	are	

intermittent	energy	sources	and	because	the	current	electric	grid	in	the	United	States	can	

only	 accommodate	 about	 30%	 electricity	 generation	 from	 intermittent	 sources,	 such	 a	

rapid	 scale-up	 of	 renewable	 energy	 will	 require	 widespread	 energy	 storage2.	 Thus	 the	

development	of	a	cheap,	scalable	technology	to	directly	convert	sunlight	into	storable	fuel	

would	be	a	monumental	achievement.		

	 One	of	the	most	well-researched	solar	fuels	concepts	over	the	last	50	years	has	been	

the	use	of	photocatalysts	to	electrochemically	drive	fuel-forming	reactions3–8.	Specifically,	

the	 reaction	 by	 which	 water	 is	 electrochemically	 dissociated	 into	 hydrogen	 and	 oxygen	

(colloquially	 called	water	 splitting)	 is	promising	because	hydrogen	 is	 a	 storable	 fuel	 that	

can	 be	 used	 for	 both	 transportation	 and	 grid-scale	 energy	 storage9–11.	 The	 cathodic	 and	

anodic	half-reactions	required	for	water	splitting	in	acidic	conditions	are,	respectively,		

	 2H# + 2e& → H(	 	 	 	 	 	 	 	 (1)	

	 H(O → 2H# + 2e& + *
(
O(	 	 	 	 	 	 	 (2)	
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The	free	energy	change	under	standard	conditions	to	perform	both	half-reactions	is	1.23	eV		

per	electron	and	 thus	a	 substantial	portion	of	 the	photons	 in	 the	 solar	 spectrum	possess	

enough	energy	to	excite	electrons	that	can	drive	water	splitting.		

Photoelectrochemical	water	splitting	was	 first	demonstrated	 in	1972	by	Fujishima	

and	 Honda	 by	 illuminating	 a	 TiO2	 crystal	 with	 UV	 light	 and	 using	 a	 platinum	 counter	

electrode12,13.	 This	 discovery	 was	 soon	 validated	 and	 the	 methods	 improved	 by	 other	

groups	using	materials	such	as	SrTiO3	perovskite,	launching	the	field	of	modern	solar	water	

splitting14–18.	 Due	 to	 the	 overpotentials	 required	 to	 perform	 the	 hydrogen	 evolution	

reaction	 (HER)	 and	 particularly	 the	 oxygen	 evolution	 reaction	 (OER),	 the	 minimum	

required	voltage	for	a	device	is	around	1.6	–	1.7	V	so	in	order	to	effectively	utilize	the	solar	

spectrum,	a	tandem	of	light	absorbers	is	required;	much	of	the	field	has	thus	focused	on	a	

tandem	 approach.	 In	 the	 subsequent	 decades,	 semiconductor	 materials,	 catalysts,	 and	

device	structures	have	been	improved,	leading	to	the	development	of	devices	that	achieve	

over	 10%	 solar	 to	 hydrogen	 (STH)	 efficiency19–27.	 The	 current	 world	 record	 for	 STH	

efficiency	is	over	30%	using	an	approach	that	requires	both	a	photoelectrochemical	device	

and	 an	 electrolyzer28.	 There	 are	 several	 common	 elements	 between	 these	most	 efficient	

demonstrations:	 all	 use	 tandems	 of	monolithic	 light-absorbers	 either	 in	 direct	 electronic	

contact	 or	 electronically	 connected	 in	 a	 circuit,	 all	 evolve	 both	 gaseous	 products	 in	 the	

same	container,	and	all	except	three23,26,27	utilize	III-V	semiconductor	 light-absorbers	and	

precious	metal	catalysts.		

	 The	 costs	 associated	 with	 III-V	 materials,	 precious	 metals,	 gas	 separation,	 and	

mitigating	 the	 explosive	 hazard	 of	 mixed	 hydrogen	 and	 oxygen	 gas	 are	 technical	 and	
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economic	barriers	to	plant-scale	 implementation	of	solar	water	splitting,	despite	the	high	

efficiencies	demonstrated29,30.	New	device	schemes	are	required	to	achieve	a	system	that	is	

efficiency,	 cheap,	 and	 safe.	 One	 of	 the	 most	 promising	 designs	 is	 the	 Z-scheme	 particle	

suspension	 reactor,	 depicted	 schematically	 in	 Figure	 1.	 In	 this	 design,	 two	 plastic	

containers	with	suspensions	of	photocatalyst	particles	in	electrolyte	solutions	are	stacked	

vertically	(optically	in	series)	and	separated	by	membranes	that	allow	electrolyte	flow	but	

prohibit	particle	flow.	The	electrolyte	is	a	transparent	redox	shuttle;	a	chemical	species	that	

can	 easily	 and	 reversibly	 be	 changed	 between	 an	 oxidized	 and	 a	 reduced	 state.	 The	

particles	in	one	container	perform	the	OER	and	redox	shuttle	reduction	while	the	particles	

in	the	other	container	perform	the	HER	and	redox	shuttle	oxidation.	The	two	halves	of	the	

tandem	are	thus	electrochemically	connected	via	diffusion	of	the	redox	shuttle.	Because	the	

gases	 are	 evolved	 in	 separate	 containers,	 there	 is	 no	 risk	 of	 explosion	 and	 no	 cost	

associated	 with	 gas	 separation.	 Because	 the	 containers	 are	 vertically	 aligned,	 the	 redox	

shuttle	 can	 cycle	 between	 the	 two	 containers	 by	 diffusion	 alone	 without	 the	 need	 for	

external	circulation	mechanisms.		
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Figure	1.	(a)	Schematic	of	the	Z-scheme	vertically-stacked	particle	suspension	reactor.	(b)	
The	desired	chemistry	and	direction	of	electron	transfer	reactions,	where	D	and	D+	are	the	
reduced	and	oxidized	redox	shuttle	species,	respectively.	

As	 long	 as	 inexpensive	 photocatalyst	materials	 are	 used,	 the	 particle	 suspension	 reactor	

has	 the	 potential	 to	 be	 economically	 feasible	 for	 large-scale	 hydrogen	 production29.	

Recently	 our	 group	 developed	 a	 model	 that	 demonstrated	 the	 ability	 of	 a	 particle	

suspension	reactor	to	operate	indefinitely	at	4%	STH	efficiency	over	day/night	cycles31.	

	 Despite	 many	 experimental	 demonstrations	 of	 particle-based,	 electrochemically-

connected	water	splitting32–41,	no	system	has	been	developed	that	achieves	more	than	a	1%	

STH	efficiency42.	One	of	the	major	missing	components	in	this	field	is	a	guiding	theory	that	

describes,	using	 the	most	 fundamental	physics	of	 the	system,	 the	dependence	of	 the	STH	

efficiency	 on	 the	most	 basic	 parameters	 of	 the	 system	 such	 as	 light-absorber	 bandgaps,	

kinetic	Tafel	parameters,	and	particle	size	and	optical	properties.	Although	such	theory	is	

well-developed	 for	 water-splitting	 based	 on	 monolithic	 light-absorbers43–51,	 there	 exist	

fundamental	differences	between	these	systems	and	Z-scheme	particle	suspension	reactors	
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and	 related	 systems	 that	 have	 never	 been	 considered	 theoretically.	 Specifically,	 the	

difference	between	electronic	and	electrochemical	connection	in	a	tandem	device	changes	

the	 constraints	upon	 the	operating	potential	 for	both	halves	of	 the	 tandem.	Additionally,	

the	 photon	 densities,	 overpotentials,	 and	 dark	 currents	 associated	 with	 generation	 of	

hydrogen	 or	 other	 solar	 fuels	 using	 an	 ensemble	 of	 independent	 small	 photocatalyst	

particles	lie	in	a	completely	different	regime	compared	to	a	monolithic	photocatalyst.	

	 In	this	thesis,	I	use	the	well-established	principles	of	detailed	balance	and	catalytic	

load-matching	 to	 develop	 novel	models	 that	 describe	 the	maximum	STH	 efficiencies	 and	

STH	efficiency	dependence	on	 fundamental	parameters	 for	systems	relevant	 to	Z-scheme	

particle	suspension	reactors.	In	Chapter	1,	I	describe	the	theoretical	 framework	on	which	

the	 models	 are	 based.	 In	 Chapter	 2,	 I	 describe	 the	 model	 of	 efficiency	 limits	 of	

electrochemically-connected	 water	 splitting	 and	 present	 results	 which	 demonstrate	 a	

strong	dependence	of	STH	efficiency	on	the	thermodynamic	potential	of	the	redox	shuttle.	

In	chapter	3,	 I	describe	 the	model	of	efficiency	 limits	of	ensembles	of	optically	 thin	 light-

absorbers	 that	 individually	 perform	 net	 solar	 fuels	 reactions	 and	 present	 results	 which	

show	the	potential	 for	drastic	efficiency	 improvement	given	certain	 reasonable	materials	

properties.	The	work	presented	herein	can	serve	as	a	framework	for	future	researchers	to	

guide	 their	 materials	 and	 device	 development	 for	 high-efficiency,	 low	 cost,	 solar	 water	

splitting	devices.			
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1. 	Theory	

The	monumental	discoveries	 in	quantum	mechanics	 in	 the	early	 twentieth	century	 led	to	

the	development	of	 the	 field	of	 solid	 state	physics	and	eventually	 the	understanding	and	

fabrication	of	the	first	practical	solar	cells	at	Bell	labs	in	the	early	1950s52,53.	The	promise	of	

solar	 energy	was	 recognized,	 and	 solar	 cells	 continued	 to	 be	 researched	 and	 developed.	

One	 of	 the	 most	 important	 publications	 in	 the	 theory	 of	 solar	 cells	 is	 the	 so-called	

“Shockley-Queisser	 Limit”	 in	 1961	 by	 William	 Shockley	 and	 Hans-Joachim	 Queisser	 in	

which	the	maximum	theoretical	efficiency	of	a	p-n	junction	solar	cell	is	derived	using	basic	

thermodynamics	 and	 idealized	 assumptions	 about	 the	 semiconductor	 properties54.	 This	

theory	has	been	expanded,	 slightly	corrected,	and	adapted	 to	more	complex	photovoltaic	

systems44,55–58.	A	Shockley-Queisser	type	analysis	of	a	solar	energy	device	is	one	of	the	key	

first	steps	to	guiding	successful	 implementation,	because	 it	 lays	out	 the	optimal	value	 for	

one	of	the	most	basic	material	properties:	the	light-absorber’s	optical	bandgap.	For	tandem	

devices,	 solar	 fuels	 devices,	 and	 devices	 with	 non-ideal	 properties	 such	 as	 substantial	

nonradiative	 recombination,	 it	 also	 serves	 as	 a	 sensitivity	 analysis	 for	 bandgap	

combinations,	kinetic	parameters,	and	parameters	related	to	nonideality.	The	fundamental	

building	 blocks	 for	 this	 theory	 are	 described	 below.	 For	 an	 extended	 derivation	 and	

discussion,	Physics	 of	 Solar	 Cells:	 From	 Principles	 to	 New	 Concepts	 by	 Peter	Wurfel	 is	 an	

excellent	resource59.	
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1.1. Blackbody	Radiation	

Consider	some	solar	energy	converting	device	in	chemical	and	thermal	equilibrium	with	its	

surroundings	at	a	 finite	 temperature	T.	A	consequence	of	 thermal	equilibrium	 is	 that	 the	

device	obeys	detailed	balance:	 the	rates	of	any	and	all	processes	are	exactly	equal	 to	 the	

rates	of	their	respective	reverse	processes.	Because	the	device	is	capable	of	absorbing	light	

and	because	its	surroundings	act	as	a	thermal	bath,	both	the	device	and	the	surroundings	

act	 as	 blackbodies	 and	 both	 exchange	 radiation	 with	 one	 another	 at	 equal	 rates.	

Specifically,	Kirchhoff’s	 law	of	thermal	radiation	requires	that	the	rates	of	absorption	and	

emission	 must	 be	 equal	 at	 each	 photon	 energy	 and	 momentum.	 We	 therefore	 seek	 a	

generalized	 expression	 for	 the	 photon	 density	 in	 an	 ideal	 blackbody	 d𝑛(ℎ𝜈)	 for	 photon	

energies	between	ℎ𝜈	and	dℎ𝜈	where	h	is	the	Planck	constant	and	is	𝜐	the	photon	frequency.	

This	photon	density	is	a	product	of	the	density	of	states	𝐷(ℎ𝜈)	and	the	probability	of	state	

occupation,	or	distribution	function,	𝑓(ℎ𝜈)	

d𝑛(ℎ𝜈) = 𝐷(ℎ𝜈)𝑓(ℎ𝜈)dℎ𝜈	 	 	 	 	 	 	 	 (1.1)	

Because	photons	are	bosons,	their	distribution	function	is	the	Bose-Einstein	distribution	 	

𝑓(ℎ𝜈) =
1

exp[(ℎ𝜈 − 𝜇)/𝑘𝑇] − 1																																																																																									(1.2)	

where	k	is	the	Boltzmann	constant	and	𝜇	is	the	chemical	potential	of	the	photons	which	is	

zero	for	thermal	radiation.	We	treat	the	blackbody	as	a	box	of	arbitrary	volume	𝑉 = 𝐿C𝐿D𝐿E	

with	allowed	photon	momenta	following	the	well-known	particle-in-a-box	solution	

𝑝 =
ℎ
2
GH
𝑛C
𝐿C
I
(
+ J

𝑛D
𝐿D
K
(

+ H
𝑛E
𝐿E
I
(
																				𝑛L ∈ ℤ																																																								(1.3)	
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Each	 state	 has	 volume	 ℎP/𝑉	 in	momentum	 space	 and	 there	 are	 two	 states	 per	 value	 of	

momentum	corresponding	to	the	two	possible	values	of	photon	spin	(±1).	The	number	of	

states	with	momentum	between	0	and	some	arbitrary	momentum	𝑝	is	then	the	volume	in	

momentum	space	of	a	sphere	of	radius	p	divided	by	the	volume	per	state	times	the	number	

of	 states	 per	 momentum	 value.	 Using	 the	 dispersion	 relation	 for	 photons	 ℎ𝜈 = 𝑝𝑐	 we	

convert	 this	 to	 the	 number	 of	 states	𝑁T(ℎ𝜈)	 with	 energy	 between	 0	 and	 some	 arbitrary	

energy	ℎ𝜈	

𝑁T(ℎ𝜈) =
(8𝜋/3)𝑉(ℎ𝜈)P

(ℎ𝑐)P 																																																																																																						(1.4)	

Where	 𝑐 = 𝑐X/𝑛	 is	 the	 velocity	 of	 light	 in	 the	 blackbody	 which	 depends	 on	 its	 index	 of	

refraction	n.	The	density	of	 states	per	unit	 volume	per	unit	 energy	per	 solid	 angle	 is	 the	

change	 in	 number	 d𝑁T	 per	 change	 in	 energy	dℎ𝜈	 divided	 by	 the	 volume	 divided	 by	 the	

integral	over	all	solid	angles	4𝜋	

𝐷Y(ℎ𝜈) =
1
4𝜋𝑉 ×

d𝑁T(ℎ𝜈)
d(ℎ𝜈) =

2(ℎ𝜈)(

(ℎ𝑐)P 																																																																																(1.5)	

We	 can	 now	 apply	 Equations	 1.5	 and	 1.2	 to	 Equation	 1.1	 to	 obtain	 Planck’s	 law	 which	

describes	the	blackbody	photon	density	per	photon	energy	interval	dℎ𝜈	per	solid	angle	dΩ	

d𝑛(ℎ𝜈)
dℎ𝜈 = 𝐷Y(ℎ𝜈)𝑓(ℎ𝜈)dΩ =

2(ℎ𝜈)(dΩ
(ℎ𝑐)P 	

1
exp(ℎ𝜈/𝑘𝑇) − 1																																								(1.6)	

1.2. Generation	and	Recombination	

In	order	to	convert	photon	energy	to	electric	or	electrochemical	energy,	a	device	must	have	

a	mechanism	by	which	 electric	 charge	 carriers	 are	 excited	 upon	 photon	 absorption.	 The	

rate	 at	which	 this	process	occurs	 is	 called	 the	generation	 rate	G,	while	 the	 rate	 at	which	
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excited	electric	 charges	 lose	 their	 energy	via	 emission	of	 a	photon	 is	 called	 the	 radiative	

recombination	 rate	R.	 When	 the	 device	 is	 in	 equilibrium,	 detailed	 balance	 requires	 that	

these	rates	G0	and	R0	are	equal	for	all	photon	energies.	We	can	determine	these	equilibrium	

rates	 by	 calculating	 the	 rate	 at	 which	 blackbody	 radiation	 from	 the	 surroundings	 are	

absorbed.	 In	 order	 to	 do	 so,	 we	must	 have	 some	 knowledge	 about	 how	well	 the	 device	

absorbs	 light	 which	 in	 turn	 depends	 on	 the	 device’s	 geometry	 and	 photon	 energy-

dependent	absorption	coefficient	a(ℎ𝜈).	Here	we	make	the	simplifying	assumption	that	the	

device	is	planar	with	thickness	d.	This	allows	us	to	define	a	single	optical	thickness	𝜏(ℎ𝜈) =

𝛼𝑑	 and	 absorptance	𝑎(ℎ𝜈) = 1 − exp	(−𝛼𝑑).	We	 also	 assume	 that	 each	 absorbed	photon	

only	produces	a	 single	excitation.	The	net	equilibrium	generation	rate	per	unit	area	over	

the	entire	thickness	of	the	device	is	the	absorptance-weighted	Planck’s	law	integrated	over	

all	energies	and	solid	angles	

𝐺X = 𝑅X = d cos(θ) dΩi 𝑎(ℎ𝜈)
2(ℎ𝜈)(

(ℎ𝑐)P 	
1

exp jℎ𝜈𝑘𝑇k − 1
dℎ𝜈	

l

X
																																		(1.7)	

If	 the	 index	 of	 refraction	 of	 the	 device	 is	 larger	 than	 its	 surroundings,	 there	 exists	 an	

additional	term	that	accounts	for	the	angles	for	which	photons	are	not	exchanged	between	

the	two	media	due	to	Snell’s	law.	Because	we	seek	a	general	description,	we	assume	there	

is	no	index	mismatch	that	results	in	total	internal	reflection.		

	 Up	to	this	point	we	have	not	described	the	mechanism	of	charge	carrier	excitation	in	

the	 solar	 device.	 The	 above	 derivation	 is	 extremely	 general	 and	 thus	 powerful.	We	 will	

subsequently	 focus	 on	 generation	 and	 recombination	 processes	 in	 semiconductors,	 but	

much	 of	 the	 derivation	 applies	 with	 little	 or	 no	 modification	 to	 other	 systems.	 	 In	 a	
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semiconductor,	 the	valence	and	 conduction	bands	are	 separated	by	a	bandgap	energy	Eg	

and	electrons(holes)	can	be	excited	into	the	conduction(valence)	band	by	the	absorption	of	

photons.	Similar	to	photons	in	a	blackbody,	we	seek	to	describe	the	density	of	electrons	in	

the	 conduction	 band	d𝑛n	 as	 a	 function	 of	 their	 energy	𝐸n	 in	 terms	 of	 a	 density	 of	 states	

𝐷n(𝐸n)	and	a	distribution	function	𝑓n(𝐸n)	

d𝑛n(𝐸n) = 𝐷n(𝐸n)𝑓n(𝐸n)d𝐸n		 	 	 	 	 	 	 (1.8)	

Electrons	are	fermions	so	their	distribution	function	is	the	Fermi-Dirac	distribution	

𝑓(𝐸n) =
1

exp[(𝐸n − 𝐸p)/𝑘𝑇] + 1
																																																																																								(1.9)	

Where	𝐸p	is	the	Fermi	energy.	The	allowed	momenta	for	a	gas	of	electrons	in	a	volume	V	is	

the	 same	as	 the	momenta	 for	a	gas	of	photons	and	 is	described	by	Equation	1.3.	We	can	

then	 write	 the	 number	 of	 states	 with	 momentum	 between	 0	 and	 some	 arbitrary	

momentum	𝑝	 as	 the	 volume	 in	momentum	 space	 of	 a	 sphere	 of	 radius	p	 divided	 by	 the	

volume	per	state	times	the	number	of	states	per	momentum	value	which	is	two	for	the	two	

allowed	spin	states	(±1/2)	

𝑁n(|𝑝|) =
8𝜋|𝑝|P𝑉
3ℎP 																																																																																																															(1.10)	

Any	electrons	excited	into	the	conduction	band	will	quickly	 lose	energy	to	the	 lattice	and	

thermalize	 to	 the	 band	 edge,	 thus	 we	 can	 use	 the	 effective	 mass	 approximation	 for	 a	

quadratic	dispersion	relation60–63	

𝐸n = 𝐸t +
𝑝(

2𝑚n
∗ 																																																																																																																					(1.11)	
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where	𝐸t	 is	 the	 conduction	 band	 energy.	We	 obtain	 the	 density	 of	 states	 by	 converting	

Equation	 1.10	 to	 energy	 using	 Equation	 1.11,	 differentiating	with	 respect	 to	 energy	 and	

dividing	by	the	volume	

𝐷n(𝐸n) =
1
𝑉
d𝑁n(𝐸n)
d𝐸n

= 4𝜋 J
2ℎ(

𝑚n
∗ K

P/(

(𝐸n − 𝐸t)*/(																																																							(1.12)	

we	now	have	a	full	expression	for	the	electron	density	d𝑛n(𝐸n)	which	we	can	integrate	over	

all	energies	to	obtain	the	total	number	of	electrons	in	the	conduction	band	per	unit	volume	

𝑛n = i 𝐷n(𝐸n)𝑓n(𝐸n)d𝐸n
l

wx
																																																																																																	(1.13)	

Although	 Equation	 1.12	 is	 valid	 only	 for	 energies	 close	 to	 the	 conduction	 band,	 the	

distribution	function	𝑓n(𝐸n)	vanishes	for	high	energies	so	the	integral	is	valid.	Furthermore,	

as	long	as	𝐸n < 𝐸z − 3𝑘𝑇,	the	Fermi-Dirac	distribution	can	be	approximated	as	a	Boltzmann	

distribution	which	simplifies	the	integral	

𝑓(𝐸n) = exp[−(𝐸n − 𝐸p)/𝑘𝑇]																																																																																										(1.14)	

The	 above	 approximations	 are	 generally	 valid	 at	 room	 temperature	 for	 nondegenerate	

semiconductors	 with	 bandgaps	 above	 200	 mV55,56,59,62.	 They	 allow	 us	 to	 analytically	

evaluate	Equation	1.13	and	calculate	the	total	density	of	electrons	in	the	conduction	band	

𝑛nX = 𝑁t exp {−
(𝐸| − 𝐸p)

𝑘𝑇 }																																																																																																(1.15)	

with	

𝑁t = 2H
2𝜋𝑚n

∗𝑘𝑇
ℎ( I

P/(

																																																																																																										(1.16)	

An	identical	analysis	can	be	done	for	the	density	of	holes	in	the	valence	band	𝑛~	



12	

	

𝑛~X = 𝑁� exp {−
(𝐸p − 𝐸�)

𝑘𝑇 }																																																																																																(1.15)	

with	

𝑁� = 2J
2𝜋𝑚~

∗𝑘𝑇
ℎ( K

P/(

																																																																																																									(1.16)	

where	EV	is	the	valence	band	energy	and	𝑚~
∗ 	is	the	effective	mass	of	holes.	We	have	used	to	

superscript	 “0”	 to	 indicate	 that	 these	 are	 the	 carrier	 densities	 in	 the	 equilibrium,	

unilluminated	case.	We	can	relate	𝑛nX	and	𝑛~X	to	the	intrinsic	density	𝑛�	by	

𝑛nX𝑛~X = 𝑛�( = 𝑁t𝑁�exp H−
𝐸�
𝑘𝑇I																																																																																							(1.17)	

When	the	semiconductor	is	illuminated,	additional	electrons	and	holes	are	excited	and	the	

density	 of	 electrons(holes)	 in	 the	 conduction(valence)	 band	 increases.	 We	 have	 also	

assumed	 that	 they	 instantaneously	 interact	 and	 establish	 thermal	 equilibrium	 with	 the	

lattice.	The	only	way	this	is	possible	is	if	there	is	a	new	Fermi	energy	for	the	distribution	of	

excited	electrons	and	excited	holes.	We	define	these	“quasi-Fermi	energies”	EFC	and	EFV	for	

electrons	 in	 the	 conduction	 band	 and	 holes	 in	 the	 valence	 band,	 respectively.	 Under	

illumination,	the	changes	in	carrier	concentration	in	the	two	bands	dictate	that	EFC	is	higher	

than	EF	and	EFV	is	lower	than	EF.	The	new	carrier	densities	are	

𝑛n = 𝑁t exp {−
(𝐸| − 𝐸pt)

𝑘𝑇 }																																																																																														(1.18)	

𝑛~ = 𝑁� exp {−
(𝐸p� − 𝐸�)

𝑘𝑇 }																																																																																													(1.19)	

which	 we	 can	 relate	 to	 the	 product	 of	 carrier	 densities	 in	 the	 unilluminated	 case	 from	

Equation	1.17	
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𝑛n𝑛~ = 𝑛�(exp H
𝐸pt − 𝐸p�

𝑘𝑇 I = 𝑛nX𝑛~Xexp H
𝐸pt − 𝐸p�

𝑘𝑇 I																																															(1.20)	

Radiative	recombination	involves	one	electron	and	one	hole,	so	the	general	rate	law	is	

𝑅n = 𝑅~ = 𝐵𝑛n𝑛~																																																																																																																	(1.21)	

Where	B	is	some	constant.	We	know	the	value	of	𝑅nX = 𝑅~X = 𝐺X	from	Equation	1.7	and	we	

know	 the	 relationship	 between	 𝑛n𝑛~	 and	 𝑛nX𝑛~X	 from	 Equation	 1.20	 which	 allows	 us	 to	

determine	the	recombination	rate	as	a	function	of	quasi-Fermi	level	splitting	

𝑅n = 𝑅~ = 𝐺Xexp H
𝐸pt − 𝐸p�

𝑘𝑇 I																																																																																									(1.22)	

𝐸pt − 𝐸p�	is	the	total	change	in	chemical	potential	in	the	semiconductor.	If	we	assume	that	

the	 semiconductor	 is	 in	 a	 device	 configuration	 where	 all	 excited	 carriers	 that	 do	 not	

recombine	are	extracted	as	electric	current,	then	this	change	in	chemical	potential	is	equal	

to	the	available	electric	potential	energy	qV	where	q	is	the	fundamental	charge	and	V	is	the	

electric	potential.	Practically	this	assumption	requires	a	device	configuration	such	as	a	p-n	

junction	or	selective	contacts	that	both	separates	and	extracts	electrons	and	holes	without	

energy	losses.	Defining	an	incident	solar	photon	flux	ΦX(ℎ𝜈)	we	can	now	define	the	current	

density	j	through	the	device	as	the	sum	of	the	generation	rate	due	to	solar	absorption,	the	

generation	rate	due	to	blackbody	absorption,	and	the	radiative	recombination	rate	

𝑗 = 𝑞 i 𝑎(ℎ𝜈)ΦX(ℎ𝜈)dℎ𝜈	
l

X
+ 𝑞𝐺X H1 − exp	 �

𝑞𝑉
𝑘𝑇�I																																																			(1.23)	

Note	 that	 although	 the	 lower	 bound	 of	 the	 integral	 is	 zero,	 the	 above	 description	 of	 the	

semiconductor	requires	that	𝑎(ℎ𝜈) = 0	for	𝑎(ℎ𝜈) < 𝐸�.	Equation	1.23	is	the	Shockley	diode	

equation52.	This	equation	only	considers	radiative	recombination	and	neglects	other	forms	

such	as	Auger	or	Shockley-Read-Hall	recombination.	A	rate	law	such	as	the	one	in	Equation	
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1.21	 can	 be	 defined	 for	 these	 processes,	 but	 the	 rate	 dependence	 on	 quasi-Fermi	 level	

splitting	analogous	to	Equation	1.22	is	more	difficult	to	derive	and	depends	on	the	specific	

system	of	 interest.	The	most	basic	way	to	accommodate	nonradiative	recombination	is	to	

assume	 that	 is	 has	 the	 same	 rate	 dependence	 on	 quasi-Fermi	 level	 splitting	 as	 radiative	

recombination	 and	 that	 there	 is	 a	 known	 equilibrium	 fraction	 of	 recombination	 that	 is	

radiative	𝑓�54.	This	tells	us	that	for	every	radiative	recombination	event,	there	are	1 𝑓�⁄ − 1	

nonradiative	 recombination	 events.	 Then	 by	 detailed	 balance	 the	 contribution	 to	 the	

current	density	from	nonradiative	recombination	is		

𝑗�� = H
1
𝑓�
− 1I𝑞𝐺X H1 − exp	 �

𝑞𝑉
𝑘𝑇�I																																																																															(1.24)	

Equation	1.24	is	then	added	to	Equation	1.23	to	obtain	the	complete	j-V	relationship.	

1.3. Electrocatalysis,	Load	Matching,	and	Efficiency	

In	a	photovoltaic	device,	 electric	 current	 j	 is	extracted	 in	an	external	 circuit	with	electric	

potential	V	across	the	device.	A	load	is	applied	to	the	circuit	such	that	the	power	supplied	

by	the	device	is	maximized	and	the	power	conversion	efficiency	(PCE)	is	defined	as	

𝜂�t� =
max	(𝑗 × 𝑉)

𝐼X
																																																																																																													(1.25)	

Where	I0	is	the	total	solar	irradiance	

𝐼X = i ℎ𝜈 × ΦX(ℎ𝜈)dℎ𝜈
l

X
																																																																																																		(1.26)	

Kirchhoff’s	 current	 law	 is	 obeyed	 in	 the	 photovoltaic	 device	 simply	 because	 the	 current	

entering	one	terminal	 is	equal	to	the	current	exiting	the	other	terminal.	When	a	device	is	

used	 to	 drive	 redox	 chemistry,	 Kirchhoff’s	 law	 is	 obeyed	 as	 long	 as	 the	 device	 drives	 a	
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cathodic	reaction	and	an	anodic	reaction	at	 the	same	rate.	This	 is	essentially	 the	same	as	

the	 photovoltaic	 case	 with	 a	 slightly	 different	 sign	 convention:	 𝑗	 is	 the	 flux	 of	 negative	

charge	entering	one	end	of	the	device	via	the	anodic	reaction	and	−𝑗	is	the	flux	of	positive	

charge	 entering	 the	 other	 end	 of	 the	 device	 via	 the	 cathodic	 reaction,	where	 the	 anodic	

reaction	 is	 defined	 to	 be	 the	 reaction	 with	 the	 higher	 reduction	 potential.	 This	 sign	

convention	ensures	that	j	has	a	positive	value	for	the	fuel-forming	reaction.	The	kinetics	of	

the	two	half-reactions	are	described	by	the	Butler-Volmer	equation	

𝑗 = 𝑗X�� Hexp H
𝛼���𝜂��𝑞
𝑘𝑇 I − exp H−

𝛼���𝜂��𝑞
𝑘𝑇 II																																																														(1.27)	

−𝑗 = 𝑗X�n� Jexp J
𝛼��n�𝜂�n�𝑞

𝑘𝑇 K − expJ−
𝛼��n�𝜂�n�𝑞

𝑘𝑇 KK																																																	(1.28)	

The	scripts	“ox”	and	“red”	refer	to	the	net	oxidative	(anodic)	and	net	reductive	(cathodic)	

reactions,	 the	 𝑗X� 	 terms	 are	 the	 exchange	 current	 densities,	 the	 𝜂�	 terms	 are	 the	

overpotentials,	 and	 the	 𝛼�� 	 and	 𝛼�� 	 terms	 are	 the	 anodic	 and	 cathodic	 charge	 transfer	

coefficients.	Neglecting	concentration	overpotentials,	the	potential	across	the	device	is	the	

sum	of	the	standard	thermodynamic	potential	of	the	complete	reaction	𝐸X	and	the	kinetic	

overpotentials	

𝑉 = 𝐸X + 𝜂�� − 𝜂�n�																																																																																																												(1.29)	

Equation	 1.29	 provides	 the	 coupling	 between	 Equations	 1.23,	 1.27,	 and	 1.28.	 Unlike	 the	

case	of	the	photovoltaic	device,	where	the	operating	j-V	point	in	Equation	1.23	was	selected	

to	optimize	𝑗 × 𝑉,	there	is	only	one	j-V	point	that	solves	all	four	equations.	The	solar-to-fuel	

(STF)	efficiency,	or	specifically	for	water	splitting	the	solar-to-hydrogen	(STH)	efficiency,	is	
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the	ratio	of	power	generated	to	incident	solar	power.	Because	the	potential	energy	of	each	

fuel	molecule	is	fixed	by	𝐸X,	the	STF	efficiency	only	depends	on	the	current	density	

𝜂��p =
𝑗 × 𝐸X

𝐼X
																																																																																																																								(1.30)	

The	models	in	the	following	chapters	are	based	upon	the	relationships	derived	above.		 	
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2. 	Calculations	of	Theoretical	Efficiencies	for	

Electrochemically-Mediated	Tandem	Solar	

Water	Splitting	

Tandem	Z-scheme	solar	water	splitting	devices	comprised	of	two	light-absorbers	that	are	

connected	electrochemically	by	a	soluble	redox	shuttle	constitute	a	promising	technology	

for	cost-effective	solar	hydrogen	production.	Herein,	efficiency	 limits	of	 these	devices	are	

modeled	 by	 combining	 the	 detailed-balance	 model	 of	 the	 light-absorbers	 with	 Butler–

Volmer	 electron-transfer	 kinetics.	 The	 impacts	 of	 the	 redox	 shuttle	 thermodynamic	

potential,	 light-absorber	 bandgaps,	 and	 electrocatalytic	 parameters	 on	 the	 solar-to-

hydrogen	 conversion	 (STH)	 efficiency	 are	 modeled.	 We	 report	 that	 the	 thermodynamic	

potential	of	the	redox	shuttle	with	respect	to	the	hydrogen	and	oxygen	evolution	potentials	

has	 a	 direct	 effect	 on	 both	 the	 STH	 efficiency	 and	 the	 optimal	 tandem	 light-absorber	

bandgaps	needed	 to	achieve	 the	maximum	possible	STH	efficiency.	At	1	Sun	 illumination	

and	assuming	ideal	and	optimally	selective	electrocatalytic	parameters,	the	STH	efficiency	

varies	from	a	minimum	of	21%,	for	a	redox	shuttle	potential	of	0	V	vs.	RHE,	to	a	maximum	

of	 34%,	 for	 a	 redox	 shuttle	 potential	 of	 either	 0.36	 V	 or	 1.06	 V	 vs.	 RHE.	 To	 attain	 the	

maximum	possible	STH	efficiency	of	34%,	the	light-absorber	bandgaps	must	be	1.53	eV	and	

0.75	eV,	yet	the	optimal	redox	shuttle	potential	depends	on	whether	the	hydrogen-evolving	
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or	 oxygen-evolving	 light-absorber	 has	 the	 larger	 bandgap.	 Results	 also	 underscore	 the	

importance	 of	 optimizing	 the	 absorptance	 of	 the	 top	 light-absorber,	which	 enables	 large	

STH	 efficiencies	 to	 be	 achieved	with	 a	wider	 range	 of	 bandgap	 combinations.	Moreover,	

given	 the	 large	 overpotentials	 for	 the	 oxygen	 evolution	 reaction	 and	 reasonably	 low	

overpotentials	for	most	redox	shuttle	reactions,	the	tandem	design	is	more	efficient	than	a	

single	light-absorber	design	even	when	the	potential	of	the	redox	shuttle	exceeds	1.23	V	vs.	

RHE.	When	 the	 exchange	 current	density	 of	 the	 redox	 shuttle	 reactions	 is	 as	 low	as	10-5	

mA/cm2,	STH	efficiencies	as	 large	as	22%	are	still	achievable	as	 long	as	optimal	selective	

catalysis	 is	assumed,	 suggesting	 that	even	slow	redox	shuttle	 reactions	may	not	 limit	 the	

practicality	of	these	devices.	

2.1. Motivation	

The	 process	 of	 solar	 water	 splitting	 provides	 renewable	 and	 storable	 energy	 in	 the	

chemical	 bonds	 of	 hydrogen	 and	 oxygen	 gas.	 This	 process	 is	 initiated	 through	 sunlight	

absorption	by	at	least	one	light-absorber,	which	for	the	purpose	of	this	work	is	a	material	

that	absorbs	light	and	generates	mobile	charge	carriers	that	ultimately	participate	in	water	

electrolysis	redox	reactions	either	with	or	without	co-catalysts.	The	photovoltage	required	

to	effectively	drive	water	electrolysis	at	25	°C	under	standard-state	conditions	is	the	sum	of	

the	 thermodynamic	 potential	 difference	 between	 the	 two	 half	 reactions	 (1.23	 V),	

overpotentials,	 and	 resistive	 losses,64 which	 based	 on	 state-of-the-art	 light-absorbers	

equals	at	least	1.6	V.	In	order	to	provide	this	photovoltage	with	a	single	light-absorber	its	

bandgap	 must	 exceed	 ~1.9	 eV.	 However,	 this	 is	 inefficient,	 because	 a	 ~1.9	 eV	 bandgap	

light-absorber	 is	 not	 optimum	 for	maximum	 power-conversion	 efficiency,	 which	 instead	
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occurs	for	a	single	 light-absorber	with	a	bandgap	of	1.1	–	1.4	eV.54	A	common	solution	to	

this	energetic	discrepancy	is	to	use	two	or	more	light-absorbers	in	tandem,	i.e.	optically	in	

series,	 that	 together	 generate	 the	 required	 photovoltage.	 In	 the	 vast	 majority	 of	

demonstrations	 of	 tandem	 solar	 water	 electrolysis,	 the	 light-absorbers	 are	 connected	

electronically	 in	 series	 (Figure	2.1a).8	Under	 illumination,	 electrons	 in	 one	 light-absorber	

reduce	 protons,	 or	water,	 to	 hydrogen	 via	 the	 hydrogen	 evolution	 reaction	 (HER)	while	

holes	 at	 the	 other	 light-absorber	 oxidize	 water,	 or	 hydroxide,	 to	 oxygen	 via	 the	 oxygen	

evolution	reaction	(OER).	The	other	electronic	charge	carriers	recombine	at	low-resistance	

contacts	 to	maintain	 charge	 balance.	 These	 electronically-connected	 tandem	 devices	 are	

often	 challenging	 to	 fabricate	 as	 they	 typically	 require	 high-quality	 metallurgical	

junctions,28	and	they	have	been	described	and	modeled	extensively	in	the	literature.43–51,65	

Another	 approach	 to	 tandem	 solar	 water	 electrolysis	 replaces	 electronic	

connection(s)	 between	 the	 light-absorbers	 with	 electrochemical	 connection(s)	 (Figure	

2.1b).	These	electrochemically-connected	 tandem	devices	use	 redox	shuttles	 (denoted	by	

A/A–	in	Figure	2.1b)	that	are	oxidized	by	holes	from	the	H2-evolving	light-absorber	and	that	

are	 reduced	 by	 electrons	 from	 the	 O2-evolving	 light-absorber.	 An	 example	 of	 an	

electrochemically-connected	 tandem	 device	 is	 the	 redox-shuttle-mediated	 Z-scheme	

particle	suspension	reactor	for	solar	water	electrolysis,	which	facilitates	H2	evolution	and	

O2	 evolution	 in	 separate	 compartments	 and	 does	 not	 require	 the	 use	 of	 an	 ion-selective	

membrane,	 like	 Nafion.42,50,66–68	 This	 design,	 depicted	 in	 Figure	 2.1b,	 maximizes	 light-

absorption	by	stacking	the	compartments	optically	in	series,	and	by	evolving	H2	and	O2	in	

separate	compartments	avoids	explosive	hazards.	As	a	result,	techno-economic	projections	
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suggest	 that	Z-scheme	particle	suspension	reactors	 for	plant-scale	production	of	H2	are	a	

scalable	 technology	 that	 can	 be	 cost-competitive	 with	 H2	 generated	 by	 steam	 methane	

reforming,31,42,66,69–71	provided	that	photocatalyst	materials,	redox	shuttles,	and	additional	

reactor	components	are	discovered	that	are	efficient,	durable,	and	inexpensive.29,72	

	

Figure	2.1.	An	exemplary	design	for	solar	water	electrolysis	in	an	acidic	environment	and	
based	on	(a)	electronically-connected	tandem	devices	and	(b)	electrochemically-connected	
tandem	 devices.	 Electronically-connected	 tandem	 devices	 utilize	 two	 catalytically	 active	
light-absorbers	 that	 are	 electrically	 and	 optically	 in	 series,	 while	 light-absorbers	 in	
electrochemically-connected	tandem	devices	are	electronically	isolated	and	instead	charge	
transfer	is	mediated	by	a	soluble	redox	shuttle.	

However,	 there	 are	 still	 challenges	 for	 this	 concept,	 because	 experimental	

demonstrations	of	electrochemically-connected	tandem	devices	for	solar	water	electrolysis	

often	exhibit	<	1%	STH	efficiency,42	 as	 compared	 to	 the	 large	number	of	demonstrations	

with	 >	 10%	 STH	 efficiency	 for	 the	 electronically-connected	 tandem	 devices.8,28	 Recently,	

our	 group	 developed	 transport	 and	 kinetic	 models	 for	 Z-scheme	 particle	 suspension	

reactors	 that	 established	 that	 passive	 diffusive	 species	 transport	 with	 IO3–/I–	 and	

quinone/hydroquinone	(Q/QH2)	redox	shuttles	can	sustain	up	to	a	4%	solar-to-hydrogen	
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conversion	 (STH)	 efficiency	 in	 centimeter-tall	 reactors.31	 In	 that	 work,	 we	 identified	

optimal	 reactor	 designs	 and	 operating	 conditions	 by	 investigating	 the	 impacts	 of	 light	

absorption,	 species	 transport,	 and	 electrokinetics	 for	 a	 few	 commonly	 investigated	

semiconductor	materials	 (TiO2,	BiVO4	and	Rh-doped	SrTiO3)	and	plausible	redox	shuttles	

(Fe3+/Fe2+,	IO3–/I-,	Q/QH2).	That	work	did	not	optimize	the	STH	efficiency	for	the	bandgap	

combinations	of	the	photocatalysts	or	the	redox	shuttle	potentials	of	the	electrolyte,	in	part	

because	of	the	complexity	of	the	model,	which	had	many	adjustable	parameters.	

Evaluation	of	theoretical	limiting	efficiencies	for	solar	energy	conversion	processes	

as	a	function	of	the	bandgap	of	the	light-absorbers	is	a	critical	step	toward	identifying	the	

primary	factors	that	influence	device	performance.	While	numerous	studies	have	reported	

the	Shockley–Queisser	detailed-balance	efficiency	 limits	 for	solar	water	electrolysis	using	

electronically-connected	 tandem	 devices,43–47,50	 such	 predictions	 are	 not	 available	 for	

electrochemically-connected	tandem	devices.	To	establish	theoretical	STH	efficiency	limits	

and	design	requirements	for	redox-shuttle-mediated	electrochemically-connected	tandem	

devices	for	solar	water	electrolysis,	herein	we	present	a	comprehensive	numerical	analysis	

as	 a	 function	 of	 light-absorber	 bandgaps,	 redox	 shuttle	 potential,	 and	 redox	 shuttle	

electrocatalytic	 parameters.	 Notably,	 we	 found	 that	 the	 thermodynamic	 potential	 of	 the	

redox	shuttle	and	the	 light-absorber	bandgaps	each	influence	the	maximum	possible	STH	

efficiency.	 The	 resulting	 optimal	 bandgap	 combinations	 differ	 from	 combinations	

previously	 deduced	 from	 models	 of	 electronically-connected	 tandem	 designs,	 which	

further	supports	the	merit	in	this	work.	We	also	determine	that	the	range	of	redox	shuttle	

potentials	 for	 the	 electrochemically-connected	 tandem	 design	 to	 outperform	 the	
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performance	of	a	single	light-absorber	depends	on	the	exchange	current	densities	modeled	

for	the	redox	shuttle.	

2.2. Numerical	Model	

Models	 for	 electronically-connected	 tandem	 devices	 for	 solar	water	 electrolysis	 that	 are	

positioned	 optically	 and	 electronically	 in	 series	 (Figure	 2.1a)	 are	 well	 known.43,45–47,50	

Electrochemically-connected	 devices	 (Figure	 2.1Figure	 2.1b)	 are	 more	 complex	 due	 to	

additional	 constraints	 imposed	 by	 electrochemical	 reactions	 with	 the	 redox	 shuttle.	

Therefore,	 equations	 for	 the	electronically-connected	 tandem	devices	are	presented	 first,	

followed	 by	 several	 modifications	 required	 to	 describe	 the	 electrochemically-connected	

tandem	 devices.	 For	 the	 electronically-connected	 devices,	 the	 sum	 of	 the	 photovoltages	

generated	by	the	 light-absorbers	must	exceed	the	electrochemical	 load,	which	 is	defined	as	

the	difference	of	the	thermodynamic	reaction	potentials	plus	the	overpotentials	as	follows,	

𝑉��� + 𝑉������ = (𝐸��� − 𝐸���) + (𝜂��� − 𝜂���)																																																							(2.1)	

where,	𝑉���	and	𝑉������	are	the	operating	potentials	of	the	top	and	bottom	light-absorber,	

respectively,	𝐸���	 and	𝐸���	 are	 the	 thermodynamic	potentials	 for	 the	OER	and	 the	HER,	

respectively,	 and	whose	 difference	 is	 the	 thermodynamic	minimum	electrochemical	 load	

and	 equals	 the	potential	 to	 electrolyze	water,	 and	𝜂���	 and	𝜂���	 are	 the	 electrocatalytic	

overpotentials	 for	 the	 OER	 and	 the	 HER,	 respectively.	 Because	 there	 is	 only	 one	

electrochemical	 load,	 the	physical	 locations	of	 the	 light-absorbers	 that	drive	 the	OER	and	

the	HER	in	the	top	or	bottom	positions	do	not	affect	the	values	obtained	using	Equation	2.1,	

and	therefore,	the	positions	of	these	reactions	are	interchangeable.	
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For	 the	 electrochemically-connected	 tandem	 devices	 charge	 is	 mediated	 between	

the	two	light-absorbers	by	a	soluble	redox	shuttle,	A/A–	(Figure	2.1b).	In	these	devices,	the	

photovoltage	generated	by	each	 light-absorber	must	exceed	the	electrochemical	 load	 for	 its	

associated	oxidation	and	reduction	half-reactions	as	follows,	

𝑉������/��� = 	 (𝐸��� − 𝐸�~ ��¡n) + ¢𝜂��� − 𝜂�~ ��¡n,�n�¤																																														(2.2)	

𝑉���/������ = (𝐸�~ ��¡n − 𝐸���) + ¢𝜂�~ ��¡n,�� − 𝜂���¤																																																	(2.3)	

where	 Eshuttle	 is	 the	 thermodynamic	 potential	 of	 the	 redox	 shuttle	 oxidation/reduction	

reaction,	 	 the	 differences	 (𝐸�~ ��¡n − 𝐸���)	 and	 (𝐸��� − 𝐸�~ ��¡n)	 are	 the	 thermodynamic	

minimum	electrochemical	 loads	 for	 the	reactions	 taking	place	at	each	 light-absorber,	and	

𝜂�~ ��¡n,��	and	𝜂�~ ��¡n,�n�	are	the	electrocatalytic	overpotentials	for	oxidation	and	reduction	

of	 the	 redox	 shuttle,	 respectively.	 The	 operating	 electrochemical	 loads	 are	 thus	 the	 full	

sums	described	on	the	right-hand	sides	of	Equations	2.2	and	2.3,	and	2.1	(Figure	2.2).	To	

maximize	the	STH	efficiency,	the	larger	electrochemical	load	is	driven	by	the	light-absorber	

with	the	larger	bandgap	and	that	light-absorber	is	located	spatially	at	the	top	of	the	reactor,	

while	 the	 smaller	 electrochemical	 load	 is	 driven	 by	 the	 light-absorber	 with	 the	 smaller	

bandgap	and	that	 light-absorber	 is	 located	spatially	at	the	bottom	of	the	reactor.	Because	

each	electrochemical	 load	depends	on	 the	 thermodynamic	potential	 of	 the	 redox	 shuttle,	

the	choice	of	redox	shuttle	dictates	whether	the	OER	or	the	HER	should	occur	in	the	top	or	

bottom	 compartment	 of	 the	 device.	 In	 our	 numerical	 model,	 we	 only	 considered	

arrangements	that	produced	the	optimal	STH	efficiency.	
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Figure	2.2.	A	visual	representation	of	the	terms	that	dictate	the	operating	electrochemical	
load	 for	each	 light-absorber	and	the	optimal	 light-absorber	bandgaps	under	 the	detailed-
balance	limit.	

All	model	calculations	were	performed	using	MATLAB	2017b	and	numeric	solutions	

to	 coupled	 equations	 were	 found	 using	 the	 vpasolve	 function.	 Several	 assumptions	 are	

made	in	the	model	including	a	standard	temperature	of	300	K,	unity	activity	for	gases	such	

that	(𝐸��� − 𝐸���)	=	1.23	V,	unity	activity	 for	redox	shuttle	species	that	each	react	by	an	

outer-sphere	 single-electron	 transfer	 mechanism,	 no	 parasitic	 light	 absorption	 by	 the	

redox	 shuttle	 species,	 no	 ohmic	 resistance/ion	 migration	 losses,	 and	 no	 concentration	

overpotentials	due	to	species	concentration	gradients	from	finite	rates	of	mass	transport.	

Additionally,	we	assume	that	the	device	configuration	and	selection	of	light-absorbers	and	

any	additional	co-catalysts	are	such	that	the	band	edges	at	the	active	surfaces	straddle	the	

appropriate	 redox	 potentials	 as	 required	 for	 device	 operation.	 This	means	 that	 for	 each	

light-absorber,	 the	 potential	 of	 the	 valence-band	 edge	 is	 larger	 than	 the	 corresponding	

potential	of	the	oxidation	reaction	and	the	potential	of	the	conduction	band	edge	is	smaller	

than	the	corresponding	potential	of	the	reduction	reaction.	

Eshuttle – EHER EOER – Eshuttle

varied Eshuttle

|𝜂HER| 𝜂OER

𝜂s,ox |𝜂s,red|

operating electrochemical load operating electrochemical load

Potential vs. RHE0 V 1.23 V

optimal HER light-absorber bandgap optimal OER light-absorber bandgap
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Each	light-absorber	is	modeled	as	an	ideal	photodiode	via	the	typical	areal	current-

density	vs.	voltage	(j–V)	relationship50,51,73,74,	

𝑗 = 𝑗�~ + 𝑗�~ H1 − 𝑒
¦§
¨©ªI																																																																																																							(2.4)	

𝑗�~ = 𝐴𝑞i 𝑛(𝜈)d𝜈
l

w¬ ­⁄
																																																																																																											(2.5)	

𝑗�~ =
2𝜋𝐴𝑞
𝑐( i 𝜈(𝑒

­®
¨©ª

l

w¬ ­⁄
d𝜈																																																																																																	(2.6)	

where	 jph	 is	 the	 current	 density	 due	 to	 the	 absorbed	 solar	 photon	 flux,	 jth	 is	 the	 current	

density	due	 to	 radiative	 recombination	 assuming	 the	device	 is	 a	 blackbody	 at	 300	K	 and	

emits	into	vacuum	from	two	parallel	flat	surfaces,54	q	 is	the	fundamental	charge,	kB	is	the	

Boltzmann	constant,	T	is	the	temperature	of	the	device	and	is	assumed	to	be	300	K,	A	is	the	

non-dimensional,	 frequency-independent	 	 absorptance,	 which	 is	 the	 fraction	 of	 light	

absorbed/emitted	 by	 the	 light-absorber	 and	 ranges	 from	 0	 to	 1,	𝐸�	 is	 the	 energy	 of	 the	

bandgap	of	the	light-absorber,	h	is	the	Planck	constant,	𝜈	is	the	photon	frequency,	n	is	the	

frequency-dependent	 incident	photon	flux,	and	c	 is	 the	speed	of	 light	 in	vacuum.	Excited-

state	charge	carriers	are	assumed	to	rapidly	thermalize	to	the	band	edges,	such	that	each	

absorbed	photon	produces	only	one	e–/h+	pair. The	refractive	index	of	the	light-absorber	is	

assumed	to	be	equal	to	1	so	that	the	analysis	is	general	for	a	wide	range	of	light-absorber	

bandgaps.54,57	For	the	top	light-absorber,	𝑛(𝜈)	is	the	solar	photon	flux,	while	for	the	bottom	

light-absorber,	𝑛(𝜈)	 is	 the	net	photon	flux	transmitted	through	the	top	light-absorber,	 i.e.	

the	solar	photon	flux	minus	the	photon	flux	absorbed	by	the	top	light-absorber.			
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The	frequency-independent	absorptance	(A)	is	included	in	Equation	2.5	to	consider	

partial	 absorption	 of	 above-bandgap	 photons	 by	 the	 top	 light-absorber,	 and	 therefore,	

partial	 transmission	 of	 the	 incident	 photons	 to	 the	 bottom	 light-absorber.	 Likewise,	

Equation	 2.6	 guarantees	 that	 the	 rate	 of	 radiative	 recombination	 equals	 the	 rate	 of	

blackbody	 photon	 absorption	 at	 thermal	 radiative	 equilibrium,	 as	 mandated	 by	 the	

principle	of	detailed	balance.54,57	The	benefit	of	partial	absorption	of	above-bandgap	light	is	

that	 with	 appropriately	 chosen	 absorptance	 values,	 a	 larger	 range	 of	 bandgap	

combinations	 results	 in	 large	 STH	 efficiencies,	 as	 shown	 previously	 for	 electronically-

connected	tandem	devices.47,75	Absorptance/emittance	is	typically	a	frequency-dependent	

quantity	 that	 depends	 on	 the	 optical	 absorption	 coefficient	 of	 the	 light-absorber	 and	 the	

pathlength	 that	 light	 travels	 within	 the	 light-absorber.76	 This	 is	 strictly	 true,	 given	 our	

model	assumption	of	no	absorption	by	the	electrolyte.	In	electronically-connected	tandem	

devices,	 the	 absorptance/emittance	 can	 be	 varied	 by	 altering	 the	 thickness	 of	 the	

hundreds-of-nanometers	 to	 hundreds-of-microns	 thick	 light-absorber	 and/or	 by	 altering	

its	 frequency-dependent	 absorption	 coefficient.	 In	 electrochemically-connected	 tandem	

particle	 suspension	 reactors,	 the	 absorptance/emittance	 can	 be	 varied	 through	 facile	

variations	 in	 the	 height	 of	 the	 suspension-filled	 reactor,	 the	 particle	 concentration,	 the	

particle	 size,	 or	more	 challenging,	 the	 frequency-dependent	 absorption	 coefficient	 of	 the	

light-absorber.31	Because	these	facile	variations	are	most	likely	to	be	incorporated	in	actual	

reactors	 and	 they	 result	 in	 frequency-independent	 variations	 in	 A,	 we	 incorporated	

frequency-independent	values	for	the	absorptance/emittance	in	the	model.	
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For	most	cases,	A	is	set	equal	to	one	for	all	photons	with	energy	larger	than	the	light-

absorber	bandgap.	However,	when	the	absorbed	photon	flux	by	the	bottom	light-absorber	

limits	 the	overall	 operating	 current	density	 of	 the	 tandem	device,	Atop	 is	 allowed	 to	 vary	

between	0	and	1	to	enforce	current-matching	between	the	top	and	bottom	light-absorbers,	

by	a	process	that	we	term	absorptance	optimization.	Absorptance	optimization	is	not	useful	

for	the	bottom	light-absorber,	because	there	is	no	benefit	in	transmitting	photons	through	

the	 bottom	 light-absorber.	 Moreover,	 when	 the	 overall	 operating	 current	 density	 of	 the	

tandem	 device	 is	 limited	 by	 the	 absorbed	 photon	 flux	 by	 the	 top	 light-absorber,	

absorptance	 optimization	 is	 also	 not	 useful,	 and	 in	 this	 case,	 the	 largest	 STH	 efficiency	

occurs	when	Atop	=	1	and	no	photons	whose	energy	is	 larger	than	the	bandgap	of	the	top	

light-absorber	can	be	absorbed	by	the	bottom	light-absorber.	

The	electrocatalytic	behavior	of	the	two	coupled	redox	reactions	that	occur	at	each	

light-absorber	surface	are	modeled	by	the	Butler–Volmer	equation,	

𝑗 = 𝑗X�� Hexp H
𝛼���𝜂��𝑞
𝑘𝑇 I − exp H−

𝛼���𝜂��𝑞
𝑘𝑇 II																																																																	(2.7)	

−𝑗 = 𝑗X�n� JexpJ
𝛼��n�𝜂�n�𝑞

𝑘𝑇 K − expJ−
𝛼��n�𝜂�n�𝑞

𝑘𝑇 KK																																																				(2.8)	

where	j0	are	the	exchange	current	densities,	𝛼¯	and	𝛼° 	are	the	anodic	and	cathodic	charge	

transfer	coefficients,	respectively,	𝜂	are	the	overpotentials,	and	the	indices	ox	and	red	refer	

to	the	net	oxidation	and	net	reduction	reactions,	respectively,	on	each	light-absorber.	For	

instance,	on	the	hydrogen	evolving	light-absorber,	the	HER	is	the	reduction	reaction	while	

oxidation	of	the	redox	shuttle	 is	the	oxidation	reaction.	The	negative	sign	in	Equation	2.8	

ensures	 that	 the	 current	 densities	 associated	 with	 the	 oxidation	 and	 reduction	 half-
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reactions	are	equal.	This	satisfies	Kirchhoff’s	current	law	such	that	no	charge	builds	up	on	

any	light-absorber.	This	operating	current	density,	j,	is	the	same	j	that	appears	on	the	left-

hand-side	of	Equation	2.4.	

Experimentally-measured	 kinetic	 parameters	 for	 state-of-the-art	 RuO2	 OER	

electrocatalysts	 and	 state-of-the-art	 Pt	 HER	 electrocatalysts,50,77,78	 which	 were	 used	 in	

previous	models	of	electronically-connected	tandem	devices,10	are	incorporated	herein	for	

conditions	of	net	production	of	O2	and	H2,	 respectively,	but	with	optimal	 selectivity	 such	

that	a	for	the	undesired	reactions	are	set	equal	to	zero	(j0,HER	=	0.147	mA/cm2;	j0,OER	=	3.26	

x	 10-6	mA/cm2;	aa,HER	 =	 0;	ac,HER	 =	 1.97;	aa,OER	 =	 1.60;	ac,OER	 =	 0).	While	 convenient,	 the	

assumption	of	optimal	selectivity	for	OER	and	HER	electrocatalysis	are	inconsequential	to	

the	outcomes	of	 the	 simulations;	when	perfectly	 symmetric	non-selective	electrocatalytic	

behavior	 is	simulated	using	aa,HER	=	ac,HER	=	1.97	and	ac,OER	=	aa,OER	=	1.60,	 the	maximum	

calculated	 STH	 efficiency	 changed	 by	 <	 0.15	%	 from	 the	 value	 obtained	 for	 the	 case	 of	

optimal	selectivity	(33.92%	vs.	33.96%).	Kinetic	parameters	for	the	redox	shuttle	reactions	

were	chosen	so	that	the	reactions	were	modeled	as	being	rapid,	which	was	implemented	by	

setting	 the	 exchange	 current	 density	 to	 an	 arbitrarily	 chosen	 large	 value	 such	 that	 the	

overpotentials	were	effectively	equal	to	zero.	In	addition,	all	redox	shuttle	reactions	were	

assumed	to	have	optimal	selectivity,	which	was	implemented	by	setting	the	charge-transfer	

coefficients	 for	 the	 desired	 redox	 shuttle	 reactions	 to	 one	 and	 the	 charge-transfer	

coefficients	for	the	undesired	reactions	to	zero.	We	term	this	selectivity	optimal,	because	it	

simulates	 the	 Butler–Volmer	 electrokinetic	 condition	 where	 at	 the	 HER	 light-absorbers	

only	the	rate	of	oxidation	of	the	redox	shuttle	increases	with	increased	bias	voltage,	and	at	



29	

	

the	 OER	 light-absorbers	 only	 the	 rate	 of	 reduction	 of	 the	 redox	 shuttle	 increases	 with	

increased	 bias	 voltage.	 The	 significance	 of	 selective,	 asymmetric	 redox	 shuttle	

electrocatalysis	and	optimal	redox	shuttle	kinetic	parameters	were	discussed	in	our	prior	

work.31		

The	 relationship	 between	 the	 operating	 voltage	 and	 the	 overpotentials	 are	

described	by	Equations	2.2	and	2.3	 for	 the	 light-absorbers	 that	perform	the	OER	and	 the	

HER,	 respectively.	 In	 the	 absence	 of	 absorptance	 optimization,	 Atop	 is	 set	 to	 one	 and	

Equations	2.2	or	2.3	and	2.4,	2.7,	and	2.8	are	numerically	solved	for	each	light-absorber	to	

obtain	the	operating	current	density	and	voltage.	To	enforce	current-matching,	the	smaller	

of	 the	 two	 current	 densities	 is	 selected	 as	 the	 overall	 operating	 current	 density.	 When	

absorptance	optimization	is	used,	Equations	2.2	and	2.3,	and	two	versions	of	Equations	2.4,	

2.7,	 and	 2.8,	 one	 of	 each	 for	 each	 light-absorber,	 are	 simultaneously	 solved	 under	 the	

constraint	of	current-matching,	i.e.	𝑗±²³ = 𝑗´²±±²µ,		and	with	Atop	as	a	free	parameter.	Other	

designs	 can	also	be	modeled	using	 similar	procedures.	 In	 the	model	 of	 an	 electronically-

connected	tandem	device,	Equations	2.1,	2.7,	and	2.8,	and	two	versions	of	Equation	2.4,	one	

for	each	 light-absorber,	are	simultaneously	solved	to	obtain	the	overall	operating	current	

density.	For	the	single	light-absorber	design,	Equations	2.1,	2.7,	and	2.8,	and	one	version	of	

Equation	4	are	simultaneously	solved	to	obtain	the	overall	operating	current	density.	For	a	

side-by-side	 electrochemically-connected	 tandem	 design,	 where	 the	 light-absorbers	 are	

positioned	optically	 in	parallel,	 Equations	2.2	 or	2.3,	 and	2.4,	 2.7,	 and	2.8,	 are	 solved	 for	

each	 light-absorber.	 In	 this	 case,	 𝑛(𝜈)	 for	 each	 light-absorber	 is	 set	 equal	 to	 the	 solar	

photon	 flux	 and	 A	 is	 set	 equal	 to	 one,	 but	 the	 current	 density	 of	 each	 light-absorber	 is	
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multiplied	by	the	fraction	of	the	area	it	occupies	out	of	the	total	area	of	the	tandem	design.	

In	the	base	case,	this	fraction	is	set	equal	to	one	half	(0.5)	for	both	light-absorbers	and	the	

smaller	of	the	two	current	densities	is	selected	as	the	overall	operating	current	density	to	

enforce	current	matching.	In	the	optimized	case,	the	fractions	are	allowed	to	vary	between	

0	and	1	(under	the	restriction	that	the	two	fractions	sum	to	1)	and	Equations	2.2	and	2.3,	

and	 two	 versions	 of	 Equations	 2.4,	 2.7,	 and	 2.8,	 one	 of	 each	 for	 each	 light-absorber,	 are	

simultaneously	solved	under	the	constraint	of	current-matching.		

The	ultimate	performance	metric	is	the	STH	efficiency,	

𝜂��� =
𝑗 × 𝐸�¶ �¶�⁄

X

I¸¹,*.º
																																																																																																																(2.9)	

where	 I¸¹,*.º	 is	 the	 frequency-integrated	 AM	 1.5	 solar	 irradiance.	 The	 value	 of	 𝜂���	 is	

evaluated	over	a	range	of	tandem	light-absorber	bandgaps	(0.2	eV	to	3.0	eV	in	steps	of	0.01	

eV),	redox	shuttle	potentials	(–0.2	V	to	+1.5	V	in	steps	of	0.01	eV),	and	the	electrocatalytic	

parameters.	 The	 only	 parameter	 in	 Equation	 2.9	 that	 is	 variable	 is	 j,	 and	 thus	 the	 STH	

efficiency	 is	 completely	 determined	 by	 the	 matched	 operating	 current	 of	 the	 two	 light-

absorbers.		

2.3. Results	and	Discussion	

Figure	2.3	presents	STH	efficiencies	for	the	electronically-connected	and	electrochemically-

connected	 tandem	 devices	 as	 a	 function	 of	 the	 light-absorber	 bandgaps.	 For	 the	

electronically-connected	 devices	 (Figure	 2.3a)	 the	 predicted	 maximum	 STH	 efficiency	 is	

34%,	which	occurs	for	light-absorber	bandgaps	of	1.53	eV	and	0.75	eV.	This	STH	efficiency	

is	 slightly	 larger	 than	 the	 value	 of	 30%	 obtained	 by	 Hu,	 et	 al.,50	 because	 of	 additional	
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solution	resistance	terms	that	were	included	in	their	work.	Figure	2.3b	and	2.3c	depict	the	

STH	efficiencies	 for	 electrochemically-connected	 tandem	designs	 for	 the	 specific	 cases	 of	

Eshuttle	 =	 0.36	V	 and	Eshuttle	 =	 1.06	 V,	 redox	 shuttle	 potentials	 that	 lead	 to	maximum	 STH	

efficiencies	equal	to	that	of	the	electronically-connected	devices.		

For	Eshuttle	=	0.36	V	vs.	RHE	(Figure	2.3b),	the	minimum	electrochemical	load	for	the	

light-absorber	driving	the	HER	and	redox	shuttle	oxidation	(labeled	as	HER	light-absorber)	

is	0.36	V	(0.36	V	–	0	V),	whereas	the	minimum	electrochemical	load	for	the	light-absorber	

driving	 the	 redox	 shuttle	 reduction	and	 the	OER	 (labeled	as	OER	 light-absorber)	 is	 0.8	V	

(1.23	V	 –	 0.36	V).	 In	 an	 optimal	 configuration	 the	 OER	 light-absorber	 has	 the	 larger	

bandgap	and	generates	 the	 larger	photovoltage	and	 is	 thus	positioned	on	 top	of	 the	HER	

light-absorber.	For	Eshuttle	=	1.06	V	vs.	RHE	(Figure	2.3c),	the	minimum	electrochemical	load	

for	the	HER	light-absorber	is	1.06	V	(1.06	V	–	0	V),	whereas	the	minimum	electrochemical	

load	for	the	OER	light-absorber	is	0.17	V	(1.23	V	–	1.06	V).	Even	with	OER	overpotentials	of	

0.3	V	 –	 0.4	 V,	 the	 HER	 light-absorber	 has	 the	 larger	 bandgap	 and	 thus	 in	 an	 optimal	

configuration	it	is	positioned	on	top	of	the	OER	light-absorber.		

Because	of	 the	 important	distinction	between	the	HER	light-absorber	and	the	OER	

light-absorber	in	these	two	cases,	the	axes	in	Figure	2.3b	and	2.3c	are	labeled	as	HER	and	

OER	 light-absorber	 bandgap	 as	 opposed	 to	 the	 usual	 convention	 (a)	 of	 top	 and	 bottom	

light-absorber	 bandgap.	 Because	 of	 this	 reason,	 Figure	 2.3b	 and	 2.3c	 are	 related	 by	

reflection	across	the	45º	slope	line	(diagonal)	for	the	ranges	shown.	This	is	evident	based	

on	 the	 maximum	 possible	 STH	 efficiency	 of	 34%,	 which	 is	 achieved	 with	 an	 HER	 light-

absorber	bandgap	of	0.75	V	and	an	OER	 light-absorber	bandgap	of	1.53	V	 in	Figure	2.3b,	
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and	with	an	HER	light-absorber	bandgap	of	1.53	V	and	an	OER	light-absorber	bandgap	of	

0.75	V	in	Figure	2.3c.	

	

Figure	2.3.	Contour	plots	of	STH	efficiency	as	a	function	of	the	energy	of	the	bandgap	(Eg)	of	
each	 light-absorber	 assuming	 ideal	 electrocatalytic	 parameters	 with	 no	 absorptance	
optimization	 for	 (a)	 an	 electronically-connected	 tandem	 configuration,	 (b)	 an	
electrochemically-connected	tandem	configuration	with	Eshuttle	=	0.36	V	vs.	RHE	and	an	OER	
top	 light-absorber,	 and	 (c)	 an	 electrochemically-connected	 tandem	 configuration	 with	
Eshuttle	=	1.06	V	vs.	RHE	and	an	HER	top	light-absorber.	

Figure	 2.3	 illustrates	 that	 the	 predicted	 STH	 efficiencies	 for	 electrically-connected	

and	 electrochemically-connected	 tandem	 devices	 largely	 follow	 similar	 trends,	 except	

when	one	light-absorber	bandgap	is	too	small	to	supply	the	minimum	electrochemical	load	

of	 its	 desired	 half	 reactions,	 as	 seen	 in	 Figure	 2.3b	 and	 2.3c	 for	 an	 HER	 light-absorber	
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bandgap	 of	 <	 0.7	 V	 or	 an	 OER	 light-absorber	 bandgap	 of	 <	 1.4	 V.	 In	 the	 electronically-

connected	case,	the	same	phenomena	is	observed,	but	within	a	smaller	region	bounded	by	

the	diagonal	line	that	satisfies	the	condition	that	the	sum	of	the	light-absorber	bandgaps	is	

<	1.7	V,	and	is	therefore	too	small	to	supply	the	minimum	electrochemical	load	for	overall	

water	electrolysis.	The	two	values	of	Eshuttle	selected	for	Figure	2.3b	and	2.3c	are	the	only	

cases	where	the	maximum	possible	STH	efficiency	for	the	electronically-connected	device	

equals	 the	 maximum	 possible	 STH	 efficiency	 for	 the	 electrically-connected	 device.	 In	

general,	 the	redox	shuttle	potential	affects	the	distribution	of	STH	efficiency	values	in	the	

contour	plot	and	in	most	cases	the	maximum	STH	efficiency	is	not	the	same.		

Plotting	the	maximum	possible	STH	efficiency	from	each	contour	plot	as	a	function	

of	the	redox	shuttle	potential	generates	Figure	2.4.	The	observed	trend	results	because	the	

redox	shuttle	potential	determines	how	the	electrochemical	loads	(Equations	2.2	and	2.3)	

are	 split	 between	 the	 two	 light-absorbers,	 and	 each	 light-absorber	 must	 generate	 a	

photovoltage	 in	 excess	 of	 its	 electrochemical	 load.	 This	 trend	 is	 present	 irrespective	 of	

whether	 redox	 shuttle	 reactions	 require	 a	 kinetic	 overpotential.	 Large	 electrochemical	

loads	require	large	photovoltages	which	are	obtained	using	large	bandgap	light-absorbers;	

these	 light-absorbers	 inherently	absorb	 less	sunlight	 than	small	bandgap	 light-absorbers,	

and	 in	 turn	generate	 smaller	photocurrents	 than	 small	bandgap	 light-absorbers.	Because	

the	photocurrent	density	 is	directly	 related	 to	 the	STH	efficiency	 (Equation	2.9),	 the	STH	

efficiency	 is	maximized	when	 the	 bandgap	 energy	 is	 small	while	 still	 allowing	 the	 light-

absorber	to	attain	the	photovoltage	required	to	drive	its	electrochemical	load	at	a	fast	rate.	

This	requirement	results	in	four	distinct	regions	to	the	data	shown	in	Figure	2.4	that	each	
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define	which	light-absorber	limits	the	STH	efficiency	and	how	this	limitation	changes	with	

respect	 to	 the	 potential	 of	 the	 redox	 shuttle.	 For	 regions	 1	 and	2,	 the	 top	 light-absorber	

drives	the	OER	and	reduction	of	the	redox	shuttle	while	the	bottom	light-absorber	drives	

the	HER	and	oxidation	of	the	redox	shuttle;	for	regions	3	and	4	the	locations	of	the	redox	

reactions	are	switched.	

	

Figure	2.4.	Maximum	STH	efficiency	vs.	Eshuttle	with	ideal	catalytic	parameters.	The	maxima	
occur	at	Eshuttle	=	0.36	V,	where	the	OER	occurs	at	the	top	light-absorber,	and	Eshuttle	=	1.06	V,	
where	 the	 OER	 occurs	 at	 the	 bottom	 light-absorber.	 In	 regions	 1	 and	 4,	 the	 top	 light-
absorber	limits	the	STH	efficiency	while	in	regions	2	and	3,	the	bottom	light-absorber	limits	
the	STH	efficiency.	

As	the	redox	shuttle	potential	is	increased	from	its	smallest	value	of	0	V	to	0.36	V	vs.	

RHE,	 the	electrochemical	 load	 for	 the	OER	 light-absorber	decreases	(Equation	2.2),	while	

the	 electrochemical	 load	 for	 the	 HER	 light-absorber	 increases	 (Equation	 2.3),	 all	 while	
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𝑉±²³ > 		𝑉 ²±±²µ.	 In	 this	 region,	 the	 electrochemical	 load	on	 the	 top	OER	 light-absorber	 is	

still	 substantially	 larger	 than	 the	electrochemical	 load	on	 the	bottom	HER	 light-absorber,	

forcing	the	bandgap	of	the	top	light-absorber	to	be	large,	and	ranging	from	~2.0	eV	to	~1.5	

eV;	requiring	such	large	bandgaps	to	overcome	the	minimum	load	of	(1.23	V	–	0.87	V)	is	an	

outcome	of	the	slow	OER	kinetics.	The	large	bandgap	of	the	OER	light-absorber	means	that	

it	absorbs	incident	photons	poorly,	which	results	in	a	photocurrent	that	is	always	smaller	

than	 the	 photocurrent	 possible	 from	an	 optimal	 bottom	HER	 light-absorber.	 In	 region	1,	

there	are	no	conditions	where	the	electrochemical	load	on	the	bottom	HER	light-absorber	

becomes	so	 large	that	 its	bandgap	does	not	allow	for	sufficient	absorption	of	 transmitted	

sunlight	 to	 current-match	with	 the	 top	OER	 light-absorber.	 Even	when	 the	 redox	 shuttle	

potential	is	as	large	as	0.36	V,	the	increase	in	the	electrochemical	load	for	the	HER	in	this	

region	does	not	negatively	 influence	 the	predicted	STH	efficiencies	because	 the	relatively	

large	top	light-absorber	bandgap	still	limits	the	net	photocurrent.	Therefore,	in	this	region	

the	STH	efficiency	 increases	with	Eshuttle	until	 it	equals	0.36	V,	a	condition	where	the	STH	

efficiency	reaches	a	global	maximum	value	of	34	%.	

In	 region	 2,	 the	 electrochemical	 load	 is	 split	more	 evenly	 between	 the	 two	 light-

absorbers.	 Excluding	 the	 overpotentials,	 the	 minimum	 load	 on	 the	 HER	 light-absorber	

increases	from	0.36	V	to	0.71	V,	while	the	load	on	the	OER	light-absorber	decreases	from	

0.87	V	to	0.52	V.	Therefore,	the	minimum	bandgap	required	for	the	top	OER	light-absorber	

to	generate	a	photovoltage	 in	excess	of	 its	electrochemical	 load	 is	not	prohibitively	 large,	

meaning	 that	 fewer	 photons	 are	 transmitted	 to	 the	 bottom	 light-absorber.	 This	 effect,	

combined	 with	 the	 increase	 in	 the	 electrochemical	 load	 on	 the	 bottom	 light-absorber	
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compared	to	region	1,	causes	photon	absorption	by	the	bottom	light-absorber	to	limit	the	

STH	efficiency.	Therefore,	a	decrease	in	STH	efficiency	is	observed	with	increasing	value	of	

Eshuttle	until	a	local	minimum	in	STH	efficiency	is	observed	at	Eshuttle	=	0.71	V.	At	this	point,	

the	operating	electrochemical	load	is	equal	for	the	two	light-absorbers,	and	therefore	this	is	

the	 only	 condition	 where	 the	 location	 of	 the	 HER	 and	 OER	 light-absorbers	 is	

interchangeable.	 This	 redox	 shuttle	 potential	 also	 results	 in	 the	 condition	 where	 the	

optimum	bandgap	of	the	bottom	light-absorber	is	the	largest.	

In	 regions	3	and	4,	Eshuttle	>	0.71	V	and	 thus,	 the	electrochemical	 load	on	 the	HER	

light-absorber	is	 larger	than	the	electrochemical	 load	on	the	OER	light-absorber;	the	HER	

light-absorber	is	positioned	on	top	of	the	OER	light-absorber.	The	trend	in	STH	efficiency	as	

a	function	of	Eshuttle	mirrors	the	trend	in	regions	2	and	1,	because	of	the	explanations	above,	

but	with	the	HER	light-absorber	exposed	to	sunlight	first.	The	STH	efficiency	again	reaches	

a	global	maximum	of	34	%,	but	this	time	when	Eshuttle	equals	1.06	V.	As	in	region	1,	when	

Eshuttle	>	1.06	V	(region	4),	STH	efficiency	decreases	because	the	electrochemical	load	on	the	

top	HER	light-absorber	limits	its	bandgap	to	large	values	and	thus	its	poor	light	absorption	

limits	 the	photocurrent	and	 therefore	 the	STH	efficiency.	The	reason	why	Eshuttle	=	1.23	V	

results	in	a	substantially	larger	STH	efficiency	compared	to	Eshuttle	=	0	V	(27%	compared	to	

21%)	is	because	the	Pt	HER	electrocatalyst	is	at	least	two	orders	of	magnitude	faster	than	

the	RuO2	OER	electrocatalyst	 for	 the	 same	magnitude	of	overpotential.	This	difference	 in	

reactivity	is	widely	observed	and	the	underlying	causes	of	this	disparate	behavior	are	the	

subject	 of	 substantial	 ongoing	 research	 efforts.79–81	 Therefore,	 in	 region	 4,	 relatively	

smaller	bandgap	requirements	are	placed	on	 the	 top,	HER	 light-absorber	compared	 to	 in	
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region	1	for	the	top,	OER	light-absorber.	In	summary,	the	maximum	STH	efficiency	for	each	

value	of	Eshuttle	is	limited	by	photon	absorption,	and	therefore	photocurrent	(Equation	2.9),	

dictated	 by	 the	 electrochemical	 load	 of	 the	 light-absorbers:	 in	 regions	 1	 and	4,	 the	 large	

electrochemical	 load	 on	 the	 top	 light-absorber	 limits	 its	 absorption	 of	 incident	 solar	

photons	 while	 in	 regions	 2	 and	 3,	 the	 bottom	 light-absorber	 has	 fewer	 solar	 photons	

transmitted	to	it	and	its	electrochemical	 load	limits	its	onset	of	absorption	of	transmitted	

light.	In	Figure	2.4	there	are	several	regions	where	the	plot	changes	curvature,	roughly	at	

0.4	V	–	0.5	V,	0.65	V	–	0.75	V,	and	0.9	V	–	1.0	V.	These	sharp	changes	are	a	consequence	of	

the	irregular	shape	of	the	AM1.5G	solar	spectrum	with	abrupt	changes	in	the	photon	fluxes.	

Figure	2.5	shows	an	analogous	plot	to	Figure	2.4	that	uses	an	analytical,	smooth	blackbody	

spectrum	with	temperature	of	5800	K	instead	of	the	AM	1.5G	spectrum.	The	overall	shape	

of	the	plot	is	the	same	but	the	sharp	changes	in	curvature	are	not	present.	

	

Figure	2.5.	Maximum	STH	efficiency	vs.	Eshuttle	assuming	 ideal	electrocatalytic	parameters	
and	using	an	incident	spectrum	of	a	blackbody	at	5800	K	instead	of	the	solar	spectrum.	
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Figure	 2.6	 presents	 the	 contour	 plots	 of	 STH	 efficiency	 as	 a	 function	 of	 bandgap	

combination	 without	 absorptance	 optimization	 (Figure	 2.6a	 and	 2.6b)	 and	 with	

absorptance	 optimization	 (Figure	 2.6c	 and	 2.6d)	 at	 two	 values	 of	Eshuttle:	Eshuttle	 =	 0.36	V	

(Figure	 2.6a	 and	 2.6c)	 is	 a	 redox	 potential	 that	 results	 in	 a	 global	 maximum	 for	 STH	

efficiency	and	Eshuttle	=	0.71	V	(Figure	2.6b	and	2.6d)	 is	a	redox	potential	 that	results	 in	a	

local	 minimum	 in	 STH	 efficiency	 and	 where	 the	 location	 of	 the	 OER	 and	 the	 HER	 are	

interchangeable.	Without	 absorptance	 optimization	 (Figure	 2.6a	 and	 2.6b)	 there	 exists	 a	

single	 bandgap	 combination	 for	 each	 value	 of	 Eshuttle	 that	 results	 in	 its	 maximum	 STH	

efficiency:	 for	 Eshuttle	 =	 0.36	V,	 the	 bandgaps	 are	 1.53	 eV	 and	 0.75	 eV	 for	 a	 34%	 STH	

efficiency,	 and	 for	Eshuttle	 =	0.71	V,	 the	bandgaps	are	1.75	eV	and	1.13	eV	 for	 a	26%	STH	

efficiency.	 When	 absorptance	 optimization	 is	 used,	 a	 single	 bandgap	 combination	 also	

maximizes	STH	efficiency	for	Eshuttle	=	0.36	V.	However,	the	range	of	bandgap	combinations	

that	produce	a	near-optimal	STH	efficiency	is	slightly	larger,	as	seen	by	the	small	expansion	

of	higher	efficiency	contours	 in	 the	 lower	right-hand-side	of	Figure	2.6c,	which	represent	

combinations	 where	 the	 two	 bandgaps	 are	 similar.	 Without	 absorptance	 optimization,	

these	combinations	have	low	efficiency	because	there	is	very	little	light	that	is	absorbed	by	

the	 bottom	 light-absorber	 but	 not	 by	 the	 top	 light-absorber,	 causing	 the	 bottom	 light-

absorber	to	limit	the	overall	current.		

For	Eshuttle	=	0.71	V,	which	resulted	in	equal	operating	electrochemical	loads	for	both	

light-absorbers,	absorptance	optimization	allows	a	 larger	range	of	bandgap	combinations	

to	produce	a	near-optimal	STH	efficiency	value	of	26%.	Disregarding	small	fluctuations	in	

the	 AM1.5G	 solar	 spectrum	 by	 analyzing	 conditions	 that	 result	 in	 at	 least	 99%	 of	 this	
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maximum	 STH	 efficiency	 value,	 absorptance	 optimization	 allows	 the	 top	 light-absorber	

bandgap	 to	 range	 from	1.75	eV	 to	1.13	eV,	with	Atop	 ranging	 from	0.5	 to	1,	 and	with	 the	

bottom	 light-absorber	 bandgap	 fixed	 at	 1.13	eV.	 In	 every	 case	 all	 photons	with	 energy	 >	

1.13	eV	are	absorbed	such	that	the	photocurrent	of	each	light-absorber	is	the	same.		

	

Figure	2.6.	Contour	plots	of	STH	efficiency	as	a	function	of	the	bandgap	of	the	HER	and	OER	
light-absorbers	for	(a,	c)	Eshuttle	=	0.36	V	and	(b,	d)	Eshuttle	=	0.71	V.	Absorptance	optimization	
is	used	to	obtain	the	STH	efficiencies	in	panels	c	and	d.	

Although	 absorptance	 optimization	 increases	 the	 number	 of	 high-efficiency	

bandgap	combinations,	it	does	not	increase	the	maximum	STH	efficiency	for	a	given	value	

of	Eshuttle.	 This	 is	 expected	because	whether	 or	not	 absorptance	optimization	 is	 used,	 the	
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ideal	 bandgap	 combination	 results	 in	 absorption	 of	 all	 photons	 above	 the	 minimum	

allowable	 bandgap,	 which	 is	 dictated	 by	 the	 electrochemical	 load	 on	 the	 bottom	 light-

absorber,	 in	 a	 way	 that	 matches	 the	 current	 between	 the	 two	 light-absorbers.	 From	 a	

practical	standpoint,	having	a	larger	range	of	useable	bandgaps	is	desired	because	there	is	

only	a	limited	number	of	high-performance	materials	to	choose	from,42	and	the	bandgaps	

of	 these	 materials	 are	 often	 difficult	 to	 adjust	 without	 negatively	 affecting	 other	

photocatalytic	 properties.	 Additionally,	 for	 all	 values	 of	Eshuttle,	 absorptance	 optimization	

enables	a	nonzero	STH	efficiency	for	the	configuration	in	which	both	light-absorbers	have	

the	 same	 bandgap.	 	 The	 case	 where	 both	 bandgaps	 are	 equal	 is	 also	 the	 condition	 of	

maximum	STH	efficiency	 for	 the	 tandem	design	where	 the	 light-absorbers	are	positioned	

side-by-side	and	optically	 in	parallel	 (Figure	2.7)	 instead	of	being	stacked	on	 top	of	each	

other	 and	 optically	 in	 series.	 Reactor	 designs	 incorporating	 tandem	 light-absorbers	

positioned	optically	 in	parallel	were	 considered	 in	 initial	 techno-economic	analyses	of	Z-

scheme	particle	suspension	reactors	for	solar	water	electrolysis.29,72	For	all	other	values	of	

Eshuttle,	and	in	the	limit	of	key	model	assumptions	including	no	gas	crossover	and	no	ohmic	

resistance/ion	migration	losses	for	both	designs,	the	stacked	tandem	design	can	achieve	a	

larger	STH	efficiency	than	the	side-by-side	tandem	design	for	a	 fixed	geometric	area.	The	

same	 conclusion	 was	 also	 observed	 from	 numerical	 device	 physics	 modeling	 of	

electronically-connected	 tandem	 devices.49	 Similar	 to	 absorptance	 optimization	 for	 the	

stacked	tandem	design,	by	allowing	the	relative	areas	of	the	two	light-absorbers	in	the	side-

by-side	 design	 to	 differ,	 the	 maximum	 STH	 efficiency	 can	 be	 improved	 for	 all	 values	 of	
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Eshuttle	¹	0.71	V,	however,	the	maximum	STH	efficiency	is	still	smaller	than	for	the	stacked	

tandem	design,	as	shown	in	Figure	2.7.	

	

Figure	2.7.	Maximum	STH	efficiency	vs.	Eshuttle	 assuming	 ideal	electrocatalytic	parameters	
for	a	stacked	tandem	design,	a	side-by-side	tandem	design	with	the	relative	area	of	the	two	
light-absorbers	optimized,	and	a	side-by-side	tandem	design	with	an	equal	(unoptimized)	
relative	area	of	the	two	light-absorbers.	

Figure	2.8	builds	on	Figure	2.4	and	2.6	and	shows	 the	bandgap	combinations	 that	

result	 in	 near-optimal	 values	 for	 STH	 efficiency,	 which	 we	 define	 as	 within	 99%	 of	 the	

maximum	 STH	 efficiency,	 for	 all	 values	 of	 Eshuttle	 between	 0	 V	 and	 1.23	 V.	 The	 effect	 of	

absorptance	optimization	on	the	results	is	distinct	under	different	regions.	In	regions	1	and	

4,	where	 the	 bandgap	 for	 the	 top	 light-absorber	 limits	 the	maximum	STH	 efficiency	 and	

therefore	 Atop	 =	 1	 is	 optimal,	 absorptance	 optimization	 does	 not	 affect	 the	 results	 and	
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therefore,	a	range	of	bandgaps	for	the	bottom	light-absorber	results	in	the	maximum	STH	

efficiency	 for	 each	 value	 of	 Eshuttle.	 The	 minimum	 bandgap	 in	 the	 range	 is	 set	 by	 the	

electrochemical	 load	 and	 the	 maximum	 bandgap	 in	 the	 range	 is	 constrained	 by	 the	

condition	 of	 current-matching	 with	 the	 top	 light-absorber,	 which	 converge	 to	 a	 single	

bandgap	combination	at	Eshuttle	values	of	0.36	V	and	1.06	V.	In	regions	2	and	3,	which	are	

bracketed	by	Eshuttle	values	of	0.36	V	and	1.06	V,	the	bottom	light-absorber	limits	the	STH	

efficiency	 and	 therefore	 absorptance	optimization	has	 a	dramatic	 impact	 on	 the	possible	

combinations	 of	 bandgaps	 that	 yield	 near-optimal	 values	 for	 STH	 efficiency.	 When	 the	

absorptance	of	the	top	light-absorber	is	not	optimized	(Figure	2.8a),	there	is	only	a	single	

combination	 of	 bandgaps	 that	maximizes	 the	 STH	 efficiency,	 and	 therefore	 an	 extremely	

narrow	range	of	bandgap	combinations,	spanning	only	<	0.05	eV,	results	in	STH	efficiencies	

that	 are	 within	 99%	 of	 their	 maximum	 value.	 When	 the	 absorptance	 of	 the	 top	 light-

absorber	is	optimized	(Figure	2.8b),	the	bandgap	of	the	top	light-absorber	can	range	from	a	

maximum	value	when	Atop	=	1	 to	a	minimum	value	 fixed	by	 its	electrochemical	 load.	The	

range	of	Atop	values	resulting	 in	near-optimal	STH	efficiencies	 increases	to	a	maximum	of	

0.5	to	1	as	Eshuttle	approaches	the	condition	where	a	local	minimum	in	STH	efficiency	occurs,	

at	Eshuttle	=	0.71	V.	In	summary,	in	regions	1	and	4	absorptance	optimization	has	no	effect	on	

bandgap	combinations	that	result	in	near-optimal	values	for	STH	efficiency,	but	in	regions	

2	 and	 3,	 absorptance	 optimization	 allows	 for	 a	 larger	 range	 of	 bandgap	 combinations	

especially	close	to	the	boundary	between	these	two	regions	at	Eshuttle	=	0.71	V.	
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Figure	2.8.	Bandgap	combinations	that	result	in	an	STH	efficiency	that	is	within	99%	of	the	
maximum	STH	efficiency	for	each	value	of	Eshuttle	(a)	without	absorptance	optimization	and	
(b)	with	absorptance	optimization.	Marker	color	signifies	the	value	of	Eshuttle.	The	 inset	 in	
panel	a	is	a	reproduction	of	Figure	2.4	using	the	same	color	scheme	as	in	this	figure.	

For	the	results	in	Figures	2.3	–	2.8,	the	exchange	current	density	of	the	redox	shuttle	

was	assumed	to	be	effectively	infinite,	causing	the	redox	shuttle	reactions	to	contribute	no	

kinetic	overpotentials	to	the	electrochemical	 load.	Figure	2.9	shows	the	STH	efficiency	vs.	

Eshuttle	for	a	range	of	values	of	the	exchange	current	density	of	the	redox	shuttle,	j0,shuttle,	and	

still	 assuming	 selective	 catalysis	 toward	 the	 desired	 reactions.	 As	 j0,shuttle	 decreases,	

additional	 overpotential	 is	 required	 to	 drive	 redox	 shuttle	 electrocatalysis,	meaning	 that	

there	is	an	increased	electrochemical	load	and	therefore	requires	additional	photovoltage	

and	 a	 larger	 bandgap	 for	 both	 light-absorbers	 for	 any	 value	 of	 Eshuttle.	 This	 results	 in	 a	

decrease	 in	 the	 maximum	 STH	 efficiency,	 which	 is	 found	 to	 have	 an	 approximately	

logarithmic	dependence	on	 j0,shuttle.	This	 logarithmic	 trend	can	be	explained	by	Equations	

2.7	and	2.8	which	dictate	that	the	electrocatalytic	overpotential	scales	logarithmically	with	

j0,shuttle.		
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Figure	 2.9.	 Maximum	 STH	 efficiency	 vs.	 Eshuttle	 for	 different	 values	 of	 the	 redox	 shuttle	
exchange	current	density,	j0,shuttle,	but	with	the	same	standard	values	for	the	charge-transfer	
coefficients.	The	horizontal	dashed	line	indicates	the	value	of	the	maximum	STH	efficiency	
for	a	single	light-absorber	to	drive	overall	water	electrolysis	using	the	same	electrocatalytic	
parameters	for	the	OER	and	the	HER	as	used	for	the	tandem	devices.	The	vertical	dashed	
lines	indicate	the	thermodynamic	potentials	of	the	HER	at	0	V	vs.	RHE	and	the	OER	at	1.23	
V	vs.	RHE.	

For	 large	 enough	values	 of	 j0,shuttle	 (>	102	mA/cm2)	 the	overpotential	 is	 effectively	

zero	 and	 the	 maximum	 STH	 efficiency	 plateaus,	 as	 shown	 in	 Figure	 2.10;	 however,	 as	

j0,shuttle	decreases	the	two	redox	shuttle	potentials	that	result	in	a	maximum	STH	efficiency	

converge	 slightly.	 For	 example,	 for	 j0,shuttle	 =	 10-4	 mA/cm2	 the	 maximum	 STH	 efficiency	

occurs	for	Eshuttle	=	1.00	V	and	0.43	V,	instead	of	for	Eshuttle	=	1.06	V	and	0.36	V	when	j0,shuttle	

is	 nearly	 infinite.	 This	 is	 because	 at	 smaller	 values	 of	 j0,shuttle	 the	 overpotential	 for	 redox	

shuttle	 reactions	 represents	 a	 larger	 fraction	 of	 the	 electrochemical	 load	 on	 each	 light-
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absorber	and	therefore	the	electrochemical	loads	on	each	light-absorber	are	more	similar	

in	 value.	Because	 equal	 electrochemical	 loads	 on	 each	 light-absorber	 attains	 a	maximum	

STH	efficiency	at	Eshuttle	=	0.71	V,	the	two	redox	shuttle	potentials	that	result	in	a	maximum	

STH	efficiency	converge	to	this	value	as	the	electrochemical	loads	become	more	similar	in	

value.	The	local	minimum	in	STH	efficiency	always	occurs	at	Eshuttle	=	0.71	V,	because	this	is	

the	 condition	 where	 the	 operating	 electrochemical	 loads	 on	 each	 light-absorber	 are	 the	

same	 and	 therefore,	 when	 j0,shuttle	 for	 the	 two	 redox	 shuttle	 reactions	 is	 changed	 by	 the	

same	 amount,	 the	 additional	 overpotential	 and	 thus	 the	 increase	 in	 electrochemical	 load	

for	each	light-absorber	is	equal.	

	

Figure	 2.10.	 Global	 maximum	 STH	 efficiency	 vs.	 exchange	 current	 density	 for	 the	 redox	
shuttle	reactions.	
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In	Figure	2.9,	the	STH	efficiency	is	plotted	for	Eshuttle	values	that	extend	beyond	the	

water	stability	window	of	0	V	to	1.23	V	as	indicated	by	vertical	dashed	lines.	For	Eshuttle	<	0	

V,	 the	minimum	 electrochemical	 load	 for	 the	 top	 light-absorber,	 i.e.	 (1.23	 V	 –	Eshuttle)	 in	

region	 1	 by	 Equation	 2.2,	 exceeds	 the	 minimum	 electrochemical	 load	 for	 overall	 water	

electrolysis,	 (1.23	 V	 –	 0	 V)	 by	 Equation	 2.1,	 while	 for	 Eshuttle	 >	 1.23	 V,	 the	 minimum	

electrochemical	 load	 for	 the	top	 light-absorber,	 i.e.	 (Eshuttle	–	0	V)	 in	region	4	by	Equation	

2.3,	 also	 exceeds	 the	 minimum	 electrochemical	 load	 for	 overall	 water	 electrolysis.	 It	 is	

apparent	 from	Figure	2.9	that	the	maximum	STH	efficiency	of	 the	tandem	device	exceeds	

that	of	a	non-tandem	device	that	 incorporates	a	single	 light-absorber,	as	 indicated	by	the	

horizontal	dashed	 line;	 intersections	of	 the	 colored	plots	with	 the	horizontal	dashed	 line	

represent	 conditions	 where	 the	 maximum	 STH	 efficiencies	 are	 the	 same	 for	 the	 two	

designs.	 Figure	 2.11	 shows	 the	 relationship	 between	 STH	 efficiency	 and	 bandgap	 for	 a	

single	 light-absorber	design	that	uses	the	same	OER	and	HER	electrocatalytic	parameters	

as	 the	 tandem	 design.	 This	 phenomenon	 occurs	 because,	 while	 the	 minimum	

electrochemical	load	on	the	top	light-absorber	in	the	tandem	design	is	always	larger	than	

the	 minimum	 electrochemical	 load	 for	 overall	 water	 electrolysis,	 the	 operating	

electrochemical	 load	 is	not	necessarily	 larger	 than	 the	operating	electrochemical	 load	 for	

overall	water	electrolysis.	This	enables	the	tandem	design	to	have	a	larger	maximum	STH	

efficiency	than	the	single	light-absorber	design	even	when	Eshuttle	values	extend	beyond	the	

water	stability	window.	This	occurs	when	¼𝜂�~ ��¡n,�n�¼ < |𝜂���|	in	region	1	and	𝜂�~ ��¡n,�� <

𝜂���	 in	 region	 4	 and	 is	 a	 consequence	 of	 the	 relative	 values	 for	 the	 exchange	 current	

densities	of	each	reaction.	
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Figure	2.11.	STH	efficiency	vs.	light-absorber	bandgap	for	the	design	in	which	a	single	light-
absorber	drives	the	OER	and	the	HER	(i.e.	overall	water	electrolysis).	

Because	 each	 light-absorber	 must	 catalyze	 two	 different	 redox	 reactions	

simultaneously,	 it	may	 be	 necessary	 to	 utilize	multiple	 co-catalysts	 each	with	 fine-tuned	

electrocatalytic	properties.	Thus	it	is	of	practical	importance	to	understand	how	the	redox	

shuttle	exchange	current	density,	j0,shuttle,	affects	STH	efficiency.	Practically,	a	wide	range	of	

factors	can	affect	j0,shuttle,	including	the	material	and	surface	properties	of	the	co-catalyst(s)	

used,	 ion	 concentrations	 including	 the	 solution	 pH	 for	 proton-coupled	 electron-transfer	

reactions,	 and	 the	 number	 of	 electrons	 involved	 in	 the	 redox	 reaction33,38,39,41.	 Because	
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optimizing	 a	 device	 requires	 consideration	 of	 the	 HER,	 the	 OER,	 and	 the	 redox	 shuttle	

reactions,	 a	wide	 range	of	 j0,shuttle	 values	 is	 expected.	As	 j0,shuttle	 decreases	 from	 its	nearly	

infinite	value	(red)	to	a	value	similar	that	of	j0,HER(Pt)	(blue)	and	ultimately	to	a	value	that	is	

similar	to	that	of	j0,OER(RuO2)	(green),	the	range	of	values	for	Eshuttle	where	the	tandem	design	

is	more	efficient	than	the	single	light-absorber	design	narrows.	When	j0,shuttle	is	large	(≥	0.1	

mA/cm2),	 the	maximum	STH	efficiency	 for	 the	 tandem	design	exceeds	 that	 for	 the	 single	

light-absorber	design	over	a	significant	range	of	Eshuttle	values	above	1.23	V	(up	to	1.35	V	for	

j0,shuttle	=	0.1	mA/cm2).	Because	the	value	of	j0,shuttle	is	large,	the	electrochemical	load	of	the	

top	light-absorber	is	predominantly	affected	by	the	overpotential	for	either	the	HER	or	the	

OER,	 and	 to	 a	 lesser	 extent	 the	 overpotential	 for	 the	 redox	 shuttle	 reaction.	 This	 is	 in	

contrast	to	the	design	with	the	single	light-absorber,	which	must	supply	the	overpotential	

for	 both	 the	 HER	 and	 the	 OER	 and	 therefore	 leads	 to	 a	 larger	 electrochemical	 load	 and	

lower	maximum	 STH	 efficiency.	 However,	 for	 j0,shuttle	 <	 0.1	mA/cm2	 there	 are	 conditions	

where	the	single	light-absorber	maximum	STH	efficiency	exceeds	that	of	the	tandem	light-

absorber	maximum	STH	efficiency	even	when	Eshuttle	is	within	the	water	stability	window.	

This	 occurs	 when	 the	 sum	 of	 the	 thermodynamic	 potentials	 and	 overpotentials	 for	 the	

redox	shuttle	reaction	and	either	the	HER	or	the	OER	(Equation	2.2	or	2.3)	for	the	top	light-

absorber	 is	 larger	 than	 the	 sum	 of	 the	 thermodynamic	 potentials	 (1.23	 V)	 and	

overpotentials	 for	overall	water	electrolysis,	such	that	the	operating	electrochemical	 load	

on	each	light-absorber	in	the	tandem	device	is	smaller	than	the	operating	electrochemical	

load	on	the	single	light-absorber.		
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We	 have	 clearly	 shown	 that	 the	 value	 of	 Eshuttle	 substantially	 impacts	 the	 STH	

efficiency	 of	 electrochemically-connected	 tandem	 devices	 for	 solar	 water	 electrolysis.	 In	

practice,	 the	optical	and	transport	properties	of	 the	redox	shuttle	are	also	 important;	 the	

shuttle	must	 not	 competitively	 absorb	 sunlight	 and	must	 transport	 rapidly	 between	 the	

two	 reactor	 compartments.	 In	 our	 previous	 work,	 we	 identified	 two	 candidate	 redox	

shuttles	 that	 had	 these	 beneficial	 properties,	 IO3–/I–	 and	 Q/QH2,	 and	 predicted	 that	 a	

steady-periodic	 STH	 efficiency	 of	 ~4%	 was	 possible	 when	 either	 was	 used.31	 The	

thermodynamic	potentials	of	these	redox	shuttles,	1.085	V	for	IO3–/I–	and	0.7	V	for	Q/QH2,	

lie	near	the	predicted	global	maximum	and	local	minimum	in	the	STH	efficiencies	reported	

herein,	respectively.	Thus,	we	anticipate	that	the	IO3–/I–	redox	shuttle	is	a	more	promising	

choice	for	a	reactor,	assuming	that	it	is	implemented	in	a	device	with	nearly	ideal	HER	and	

OER	 electrocatalysts	 and	 light-absorbers	 with	 bandgaps	 near	 1.53	 eV	 and	 0.75	 eV,	

respectively.	Methylammonium	 lead	 triiodide	 perovskite	 or	 amorphous	 silicon	 is	 a	 close	

match	 for	 the	 larger	 bandgap	 while	 germanium	 or	 iron	 pyrite	 is	 a	 close	 match	 for	 the	

smaller	bandgap.	The	Q/QH2	redox	shuttle	could	also	be	effectively	utilized	in	a	device	with	

STH	 efficiency	 between	 20%	and	 26%,	 for	 a	wide	 range	 of	 bandgap	 combinations	when	

absorptance	 optimization	 is	 used	 (Figure	 2.6b).	 In	 this	 case,	 crystalline	 silicon	 could	

possibly	be	used	for	both	light-absorbers.	The	other	commonly	considered	redox	shuttles,	

Fe3+/Fe2+	 and	 I3–/I–,	 with	 thermodynamic	 potentials	 of	 0.77	V	 and	 0.536	 V,	 respectively,	

also	 lie	 near	 the	 predicted	 local	 minimum	 STH	 efficiencies,	 where	 implementing	

absorptance	 optimization	 can	 extend	 the	 range	 of	 effective	 light-absorber	 bandgaps	 that	

can	be	used	to	attain	near-optimal	STH	efficiencies.	
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2.4. Conclusions	

Presented	 herein	 are	 calculations	 of	 the	 theoretical	 STH	 efficiency	 limits	 of	

electrochemically-connected	 tandem	 solar	 water	 splitting	 devices	 with	 soluble	 redox	

shuttles	mediating	charge	transport	between	the	OER	and	the	HER	light-absorbers.	These	

devices	 behave	 fundamentally	 different	 from	 the	 relatively	 well-understood	 electrically-

connected	 tandem	 structures.	 The	 analyses	 showed	 that	 the	 thermodynamic	potential	 of	

the	redox	shuttle	reaction	has	a	significant	impact	on	the	maximum	possible	STH	efficiency	

and	 thus	 the	 selection	 of	 the	 redox	 shuttle	 is	 as	 important	 as	 the	 selection	 of	 the	 light-

absorbers	and	co-catalysts.		

For	 redox	 shuttles	 exhibiting	 zero	 kinetic	 overpotentials,	 optimally	 selective	

catalysis,	 and	 optimal	 redox	 potentials	 of	 Eshuttle	 =	 0.36	 V	 or	 Eshuttle	 =	 1.06	 V	 vs.	 RHE,	

electrochemically-connected	tandem	devices	can	attain	the	same	maximum	STH	efficiency	

of	 34%	 as	 possible	 with	 electronically-connected	 tandem	 devices.	 The	 total	 number	 of	

absorbed	photons	 is	maximized	by	 splitting	 the	 electrochemical	 loads	unevenly	between	

the	 two	 light-absorbers.	 This	 study	 also	 demonstrated	 the	 influence	 of	 other	 design	

parameters	 on	 STH	 efficiency,	 including	 absorptance	 of	 the	 top	 light-absorber	 and	

exchange	current	density	of	the	redox	shuttle.	Optical	absorptance	was	determined	to	be	a	

crucial	parameter	to	widen	the	range	of	the	top	and	bottom	light-absorber	bandgaps	that	

attain	 near-optimal	 STH	 efficiencies,	 especially	 for	 redox	 shuttle	 potentials	 is	 between	

0.36	V	 and	 1.06	V.	 	 As	 the	 exchange	 current	 density	 of	 the	 redox	 shuttle	 reactions	

decreased,	 the	 maximum	 possible	 STH	 efficiency	 decreased	 and	 the	 redox	 shuttle	

potentials	to	attain	this	STH	efficiency	converged	slightly	to	the	redox	shuttle	potential	of	
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0.71	V,	which	 is	 the	 local	minimum	STH	 efficiency.	 Predicted	 results	 elucidate	 that	 even	

with	slow	redox	shuttle	electrocatalysis,	e.g.	j0,shuttle	=	10-5	mA/cm2,		STH	efficiencies	above	

the	 limit	 of	 19%	 for	 a	 single	 light-absorber	 design	 can	 still	 be	 achieved	 with	 a	 tandem	

device	as	long	as	the	redox	shuttle	potential	is	in	the	range	of	0.3	V	–	0.6	V	or	0.8	V	–	1.1	V.	

Moreover,	 results	 prove	 that	 for	 optimal	 and	 selective	 redox	 shuttle	 electrocatalysis,	 the	

electrochemically-connected	tandem	design	is	more	efficient	than	the	single	light-absorber	

design	even	when	redox	shuttle	potentials	lie	outside	of	the	water	stability	window.	

Based	 on	 the	 predicted	 results	 in	 this	 work,	 and	 favorable	 optical	 and	 transport	

behavior	revealed	in	prior	work,31	we	expect	that	the	IO3–/I–	redox	shuttle	with	a	potential	

of	 1.085	 V	 exhibits	 great	 promise	 to	 achieve	 close	 to	 maximum	 STH	 efficiencies	 with	

optimally	chosen	light-absorber	bandgaps	of	1.53	eV	and	0.75	eV.	Collectively,	these	results	

provide	 insights	 to	 the	 broader	 community	 of	 researchers	 on	 the	 complex	 interplay	

between	 the	 numerous	 parameters	 in	 electrochemically-connected	 tandem	 devices	 for	

solar	water	electrolysis.	
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3. 	Detailed	Balance	Model	for	Ensembles	of	

Optically	Thin	Light	Absorbers	Each	Performing	

a	Net	Solar	Fuels	Reaction	

Detailed	balance	models	of	solar	cells	and	solar	fuels	constructs	have	been	reported	when	

materials	are	assumed	to	absorb	above-bandgap	light	strongly.	Herein	we	report	a	model	

that	 calculates	 the	 sunlight-to-fuel	 energy-conversion	 efficiency	 as	 a	 function	of	 bandgap	

energy	 for	 an	 ensemble	 of	 identical,	 optically	 thin	 light-absorbers	 that	 are	 optically	 in	

series	 and	 each	 performs	 the	 fuel-forming	 reactions.	 We	 demonstrate	 that	 for	 catalytic	

Tafel	 parameters	 relevant	 to	 water	 electrolysis,	 the	 maximum	 efficiency	 increases	 from	

19%	for	the	case	of	a	single	light-absorber	to	23%	when	that	single	light-absorber	is	split	

into	128	identical	light-absorbers.	Notably,	the	maximum	efficiency	for	a	1.75	eV	bandgap	

material	 is	 calculated	 to	 increase	 from	 1%	 for	 a	 single	 light-absorber	 to	 20%	 for	 128	

identical	light-absorbers.	These	enhanced	efficiencies	are	logarithmically	dependent	on	the	

number	of	light-absorbers	and	are	due	to	improvements	in	the	utilization	of	photons	which	

result	 in	 a	 better	 match	 of	 the	 light-absorber	 power	 output	 to	 the	 catalytic	 load.	 The	

improved	match	of	the	power	output	and	load	is	attributed	to	radiative	coupling	between	

the	 light-absorbers	 and	 a	 decrease	 in	 the	 rate	 of	 electron–hole	 pair	 recombination.	 The	

second	effect	is	unique	to	systems	where	light	drives	chemical	reactions	and	is	caused	by	

the	specific	dependencies	of	the	operating	potential	and	current	density	of	a	light-absorber	

on	its	absorptance,	incident	light	intensity,	and	Tafel	parameters.	We	explore	the	complex	
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interdependencies	 of	 this	 model	 and	 describe	 how	 it	 can	 be	 applied	 to	 improve	 the	

efficiency	of	real	solar	fuels	systems,	such	as	those	based	on	commercially	relevant	silicon	

and	next-generation	photocatalyst	particle-suspension	reactor	designs.	

3.1. Motivation	

Artificial	photosynthesis	aims	 to	mimic	natural	photosynthesis	by	converting	and	storing	

photon	 energy	 as	 chemical	 potential	 via	 chemical	 transformations	 that	 are	 net	

thermodynamically	 unfavorable.	 The	 most	 effective	 photochemical	 demonstrations	 of	

artificial	photosynthesis	use	photons	to	generate	highly	mobile	electron	and/or	hole	charge	

carriers	in	solid	materials.	These	artificial	photosynthetic	constructs	couple	the	physics	of	

optical	 absorption	and	emission	of	photons	with	 the	 chemical	 kinetics	of	 generation	and	

recombination	 of	 mobile	 charge	 carriers	 and	 electrochemical	 charge-transfer	 reactions.	

One	of	the	most	important	guiding	theories	in	the	development	of	artificial	photosynthetic	

systems	 is	 the	 theory	 that	dictates	 the	energy-conversion	efficiency	 limit	as	a	 function	of	

model	parameters.	This	 theory	has	been	extensively	developed	 for	and	has	helped	guide	

the	experimental	design	of	high	efficiency	solar	water	splitting	and	solar	fuels	devices	using	

monolithic	 semiconductors	 as	 light-absorbers.46,48–50,75	 An	 extraordinary	 range	 of	 device	

designs,	materials	parameters,	light	harvesting	scenarios,	and	redox	chemistries	have	been	

explored,	 yet	 remarkably	 there	 is	 one	 consistent	 assumption	 in	 nearly	 all	 of	 these	

models31,82:	each	pair	of	 light-driven	redox	reactions	 is	performed	at	the	surface	of	a	single	

monolithic	 unit.	 This	 is	 true	 for	not	 only	 single-absorber	device	models,	 but	 also	 tandem	

device	 models	 where	 each	 of	 the	 light-absorbers	 drives	 different	 redox	 reactions	 or	

exchanges	charge	with	a	different	portion	of	the	circuit.	In	none	of	these	models	were	there	



54	

	

multiple	independent	light-absorbers,	each	with	the	same	materials	properties	and	driving	

the	same	pair	of	 redox	reactions.	The	changes	 to	 the	 theoretical	considerations	of	 such	a	

system	 are	 subtle:	 when	 there	 are	 multiple	 independent	 light-absorbers	 that	 are	

electronically	decoupled	from	each	other,	each	light-absorber	drives	both	redox	reactions	

but	has	a	different	rate	of	generation	of	mobile	charge	carriers	and	net	reaction	products.	

It	is	not	surprising	that	models	of	artificial	photosynthetic	systems	only	incorporate	

monolithic	units	to	drive	desired	energy	conversion	and	storage	redox	chemistry,	because	

nearly	all	demonstrations	of	semiconductor	solar	fuels	devices	use	monolithic	components.	

However,	 there	 is	 a	 unique	 class	 of	 solar	 energy	 conversion	 designs	 that	 instead	 use	

ensembles	 of	 molecules	 or	 semiconductor	 photocatalyst	 particles	 that	 are	 not	 in	 direct	

electronic	 contact	 with	 each	 other	 to	 each	 perform	 the	 same	 net	 redox	

chemistry.39,41,42,66,67,69,83,84	 The	 lack	 of	 an	 electronic	 connection	 means	 that	 each	 unit	

individually	performs	 the	desired	redox	chemistry	and	 the	net	 rate	of	product	 formation	

from	 the	 ensemble	 determines	 the	 overall	 solar-to-fuels	 energy	 conversion	 (STF)	

efficiency.	This	arrangement	of	multiple	independent	light-absorbers	is	pertinent	to	natural	

photosynthesis	 in	 green	 plants,	 where	 each	 pair	 of	 photosystems	 only	 absorbs	 a	 small	

amount	of	incident	sunlight	and	independently	drives	two	half-reactions,	but	the	net	effect	

of	 the	 collection	 of	 all	 dual-photosystems	 is	 to	 generate	 substantial	 amounts	 of	 reaction	

products.	 The	 most	 successful	 experimental	 demonstrations	 of	 artificial	 photosynthesis	

where	each	unit	weakly	absorbs	incident	sunlight	were	reported	by	Domen	and	coworkers	

using	photocatalyst	 sheets	 to	perform	water	 electrolysis.83–85	 In	 these	devices	 the	 size	of	

the	photocatalyst	particles	 is	small	enough	that	they	transmit	significant	amounts	of	 light	
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and	 the	 particles	 are	 weakly	 coupled	 so	 that	 particle-to-particle	 electron-transfer	 is	

inefficient.	

Reports	of	models	 that	 evaluate	 these	 types	of	 artificial	photosynthetic	 constructs	

are	uncommon31,86–88.	Most	recently,	we	developed	a	device-level	transport	model	for	a	Z-

scheme	 photocatalyst	 particle	 suspension	 reactor	 mediated	 by	 a	 redox	 shuttle	 that	

included	 optical	 absorption,	 semiconductor	 charge	 separation,	 and	 chemical	 species	

transport.31	This	continuum	model	captured	the	phenomena	of	variable	quasi-Fermi-level	

splitting	and	differing	 rates	of	 electrocatalysis	 and	diffusive	 charge	 transport	 at	different	

light	 intensities,	because	 incident	 light	was	attenuated	deeper	 into	 the	device	by	a	Beer–

Lambert	 law	absorption	profile.	However,	 inclusion	of	 chemical	 species	 transport	 in	 that	

model	 resulted	 in	 reactor-level	 STF	 efficiencies	 that	 were	 dominated	 by	 these	 physical	

processes	and	masked	the	effects	that	multiple	light-absorbers	have	on	the	STF	efficiency.	

This	explains	why	the	phenomena	we	describe	herein	were	not	apparent	in	that	work	and	

provides	 rationale	 for	why	 our	model	 does	 not	 intentionally	 include	 effects	 due	 to	mass	

transport.	

In	 the	 work	 presented	 herein	 we	 report	 a	 generalized	 model	 that	 specifically	

isolates	 the	 effect	 of	 having	 an	 ensemble	 of	 light-absorbers,	 instead	 of	 a	 single	 light-

absorber,	 each	 perform	 water	 electrolysis	 after	 absorbing	 only	 a	 portion	 of	 the	 above-

bandgap	incident	light.	Simulations	performed	with	these	models	identify	several	physical	

processes	that	only	occur	when	multiple	 independent	 light-absorbers	each	perform	a	net	

solar	fuels	reaction	and	this	results	in	substantially	increased	STF	efficiencies	for	materials	

with	 desirable	 bandgaps.	 These	 processes	 include	more	 efficient	matching	 of	 the	 power	
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output	 from	 each	 light-absorber	 to	 the	 electrochemical	 load	 when	 each	 light-absorber	

absorbs	 less	 incident	 solar	 radiation	 and	 reabsorption	 of	 photons	 emitted	 from	 other	

particles	via	radiative	recombination.	

3.2. Numeric	Model	

3.2.1. General	Considerations	

Our	goal	is	to	define	a	general	model	that	can	accurately	predict	the	efficiency	limits	of	an	

ensemble	 of	 light-absorbers	 that	 convert	 sunlight	 into	 chemical	 energy	 via	 redox	

chemistry.	 Although	 the	 particle	 suspension	 reactor	 is	 a	 motivating	 design	 for	 such	 a	

model,	we	do	not	make	specific	choices	about	materials	properties	or	device	geometries	in	

order	 to	keep	 the	model	 general.	As	a	 result,	we	assume	all	materials	 are	 identical,	 have	

index	of	refraction	of	one,	and	are	perfectly	planar	and	extend	infinitely	in	that	plane.	The	

terms	 in	 the	 detailed-balance	 analysis	 that	 arise	 from	 specific	 geometries	 and	 material	

refractive	indices	appear	as	coefficients	in	the	photodiode	equation	and	are	independent	of	

other	 model	 parameters.	 Therefore	 the	 trends	 presented	 in	 this	 work	 are	 perfectly	

expandable	to	other	periodic	systems	with	specific	device	properties.	Instead	of	modeling	a	

three-dimensional	grid	of	light-absorbers,	it	suffices	to	model	the	light-absorbers	as	infinite	

sheets	because	in	a	three-dimensional	model,	symmetry	causes	there	to	be	no	net	radiative	

coupling	 in	 the	 planar	 directions,	 under	 the	 reasonable	 assumption	 of	 either	 perfectly	

reflective	 container	walls	 or	 a	 sufficiently	 large	 container	with	 negligible	 edge-effects.	 A	

three-dimensional	 grid	of	 cubic	 light-absorbers	 thus	would	give	 the	 exact	 same	 result	 as	

the	 infinite	 sheets	 considered	 in	 this	 model.	 A	 three-dimensional	 model	 using	 other	

absorber	shapes,	such	as	spheres,	complicates	the	model	because	the	scaling	relationship	
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between	absorptance	of	solar	photons	and	absorber	size	does	not	simply	follow	the	Beer–

Lambert	law;	the	thickness	of	each	absorber	in	the	direction	of	solar	photon	propagation	is	

not	constant	over	the	area	of	the	absorber	which	causes	the	average	absorptance	over	the	

entire	absorber	to	have	a	more	complex	dependence	on	absorber	radius.	It	would	certainly	

be	 possible	 to	 incorporate	 this	 into	 the	model,	 but	 for	 generality	 and	 clarity	we	 use	 the	

simplest	planar	case.	The	simplification	 from	three-dimensions	 to	 two-dimensions	would	

break	 down	 if	 the	 light-absorbers	 were	 of	 different	 shapes	 and/or	 sizes	 but	 should	

represent	a	large	ensemble	of	similarly-sized	nanoparticles	well.	We	only	consider	a	single	

light-absorber	bandgap	in	order	to	focus	specifically	on	the	effects	of	a	multiple-absorber	

configurations	without	 the	 convolutions	 of	 optimizing	 a	 tandem	 design.	 However,	 again,	

the	 results	 herein	 are	 applicable	 to	 multiple-absorber	 configurations	 that	 are	 either	

electrically	or	electrochemically	connected.	We	use	electrocatalytic	parameters	relevant	to	

water	 electrolysis,	 although	 the	 model	 can	 be	 applied	 to	 any	 set	 of	 electrochemical	

reactions.	Lastly,	because	data	for	most	efficient	demonstrations	of	solar	fuels	production	

are	 reported	 in	 terms	 of	 potential	 (V)	 and	 current	 density	 (j),	 and	 not	 (electro)chemical	

potential	(μ)	and	flux	(J),	when	possible	our	derivations	and	analyses	use	the	more	widely	

recognized	electrochemical	terminology	and	nomenclature.	

3.2.2. Detailed	Balance	Model	of	N	Absorbers	

Figure	3.1	shows	a	schematic	of	the	model,	which	consists	of	a	one-dimensional	array	of	N	

planar	light-absorbers	each	with	identical	bandgap	energy,	Eg,	and	optical	thickness,	t.	The	

parameter	 t	 is	 the	 dimensionless	 product	 of	 the	 absorber	 thickness	 and	 the	 absorption	

coefficient.	 Although	 this	 is	 generally	 a	 wavelength-dependent	 property,	 every	 other	
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portion	 of	 the	model	 treats	 all	 above-bandgap	 photons	 identically	 and	 thus	 the	 use	 of	 a	

single	 absorption	 coefficient	 for	 all	 photons	 above	 the	 bandgap	 energy	 has	 no	 ultimate	

effect	on	the	model	results	while	drastically	simplifying	the	formulation.	The	absorptance	A	

of	above-bandgap	photons	is	then,	

𝐴 = 1 − 𝑒&½																																																																																																																														(3.1)	

The	N-absorber	 stack	 is	 assumed	 to	 be	 in	 thermal	 equilibrium	with	 its	 surroundings	 at	

temperature	T.	 There	 is	 thus	 incident	 blackbody	 radiation	 on	 the	 top	 and	 bottom	of	 the	

stack	 while	 each	 light-absorber	 is	 able	 to	 emit	 light	 via	 radiative	 recombination.	 This	

means	that	the	absorbers	are	radiatively	coupled	to	one	another	because	some	of	this	light	

can	be	reabsorbed	by	neighboring	absorbers.	Solar	 flux	 is	 incident	only	on	the	 top	of	 the	

stack;	 we	 use	 the	 convention	 that	 the	 first	 absorber	 is	 closest	 to	 the	 Sun	 while	 the	Nth	

absorber	is	furthest	from	the	Sun.	

	

Figure	 3.1.	 Schematic	 of	 the	 modeling	 domain	 for	 serial	 ensemble	 of	 optically	 coupled	
absorbers.	

The	net	flux	of	charge	carriers	that	drive	redox	chemistry	from	each	absorber,	which	

when	 multiplied	 by	 their	 charge	 equals	 the	 current	 density,	 is	 a	 sum	 of	 the	 absorbed	
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photon	flux	from	solar	and	blackbody	radiation	and	the	negative	flux	due	to	radiative	and	

non-radiative	recombination.	Using	the	subscript	n	to	denote	the	nth	absorber	in	the	stack,	

we	define	the	current	density	due	to	absorption	of	solar	photons	as	follows,	

𝑗�~,¾ = 𝑞ΦX(1 − 𝐴)¿&*(𝐴)																																																																																																			(3.2)	

where	 q	 is	 the	 elementary	 charge	 and	ΦX	 is	 the	 total	 solar	 photon	 flux	 incident	 on	 the	

absorber	 stack.	 This	 expression	 is	 the	 product	 of	 the	 total	 solar	 flux,	 the	 fraction	 (1 −

𝐴)¾&*	that	 is	 transmitted	 by	 the	 (n	 –	 1)	 absorbers	 that	 lie	 between	 the	 sun	 and	 the	 nth	

absorber,	and	the	fraction	A	that	the	nth	absorber	absorbs.	The	total	blackbody	flux	incident	

on	one	side	of	the	stack,	jbb,	is	as	follows,	

𝑗�� =
2𝜋𝑞
𝑐( i 𝜈(𝑒&­®/¨ª

l

w¬/­
d𝜈																																																																																															(3.3)	

where	c	 is	the	speed	of	light	in	vacuum,	h	 is	the	Planck	constant,	ν	 is	the	frequency	of	the	

radiation,	k	is	the	Boltzmann	constant,	and	T	is	the	ensemble	and	blackbody	temperature.	

An	isolated	absorber	would	be	exposed	to	this	radiation	on	both	its	top-side	and	bottom-

side	 but	 only	 absorb	 a	 fraction	A.	 Detailed-balance	 dictates	 that	 the	 potential-dependent	

radiative	recombination	rate	must	be	equal	to	this	total	absorption	rate	at	zero	current	and	

that	in	general	the	following	expression	for	the	recombination	rate	holds,	

𝑗���,¾ = −2𝑗��𝐴𝑒¦§À/¨ª																																																																																																										(3.4)	

where	Vn	is	the	operating	potential	of	the	light-absorber.54–57	This	negative	current	density	

due	to	radiative	recombination	vs.	potential	relationship	has	the	form	used	in	the	Shockley	

photodiode	 equation,	which	 is	 a	 broadly	 utilized	 Boltzmann	 approximation	 of	 the	 actual	

relationship	 for	an	 ideal	solar	converter.55,56,59	The	difference	between	the	 ideal	equation	
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and	 the	 approximate	 equation	 is	 negligible	 for	 all	 bandgaps	 and	 rates	 of	 illumination	

studied	in	this	work.		

	 Each	 absorber	 in	 the	 stack	 absorbs	 light	 emitted	 by	 the	 rest	 of	 the	 stack,	 a	

phenomenon	termed	“photon	recycling89–91.”	Because	of	Equation	3.4,	this	means	that	the	

current	 for	 each	 absorber	 depends	 on	 the	 potential	 of	 the	 other	 absorbers.	 The	 current	

density	resulting	from	absorber	n	absorbing	light	emitted	by	absorber	m	is	as	follows,	

𝑗���,�→¾ =
1
2 𝑗���,�(1 − 𝐴)

|�&¾|&*(𝐴)																																																																															(3.5)	

The	factor	of	one	half	is	due	to	the	fact	that	only	half	of	the	total	radiation	from	absorber	m	

propagates	 in	 the	direction	of	 absorber	n.	 Including	 terms	 for	 the	absorption	of	 ambient	

blackbody	 flux,	 the	 total	 current	density	 at	 absorber	n	 resulting	 from	absorption	of	non-

solar	photons	takes	on	the	following	expression,	

𝑗���,¾ = 𝑗��𝐴[(1 − 𝐴)¾&* + (1 − 𝐴)Á&¾] + Â 𝑗���,�→¾
�Ã¾

																																												(3.6)	

This	expression	satisfies	 the	requirement	 that	𝑗���,¾ = 𝑗���,¾	 for	all	n	when	all	Vn	are	zero	

and	 there	 is	no	 incident	solar	 radiation	which	 is	analytically	proven	 in	Section	3.2.3.	The	

complete	 current	 density	 versus	 potential	 relationship	 describing	 non-radiative	

recombination	follows,	

𝑗�� = 2𝑗��𝐴 H
1
𝑓�
− 1I (1 − 𝑒¦§À/¨ª)																																																																																			(3.7)	

where	fc	is	the	fraction	of	recombination	that	is	radiative.	This	expression	for	non-radiative	

recombination	 assumes	 that	 fc	 is	 not	 dependent	 on	 absorbed	 photon	 flux	 or	 on	 electric	

potential	 and	 that	 non-radiative	 recombination	 has	 the	 same	 potential	 dependence	 as	

radiative	recombination.	Again,	this	is	a	common	assumption	made	in	analogous	analyses	
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that	is	a	good	first	approximation	for	most	conditions.	The	Kirchhoff	current	law	condition	

requires	that	at	steady-state	the	current	into	and	out	of	the	light-absorber	is	equal,	which	

yields	the	following	complete	current	density	vs.	potential	relationship	for	each	absorber,	

𝑗¾ = 𝑗�~,¾ + 𝑗���,¾ + 𝑗���,¾ + 𝑗��																																																																																										(3.8)	

where	 𝑗���,¾	 and	 𝑗��	 (Equations	 3.4	 and	 3.7)	 both	 include	 a	 recombination	 term	 with	

𝑒¦§À/¨ª;	 the	total	coefficient	 for	 this	exponential	 term	in	Equation	3.8	 is	 *
ÄÅ
2𝑗��𝐴,	which	 is	

the	reverse	saturation	current	density	in	the	photodiode	equation.	The	larger	the	reverse	

saturation	 current	 density,	 the	 larger	 the	 dark	 current,	 and	 the	 smaller	 the	 open-circuit	

potential	under	illumination.	

The	 electrochemical	 load	 on	 each	 light-absorber	 is	 determined	 by	 two	 Butler–Volmer	

equations	 and	 the	 potential	 difference	 required	 to	 drive	 the	 two	 redox	 reactions,	 𝐸X =

𝐸X�� − 𝐸X�n�,	where	 the	superscripts	 “ox”	and	“red”	denote	 the	(ox)idation	and	(red)uction	

reactions.	Because	each	light-absorber	performs	an	oxidation	and	a	reduction	reaction	with	

equal	and	opposite	signs	of	the	current	density	in	order	to	maintain	charge	neutrality,	the	

following	current	density	versus	potential	relationships	hold,		

𝑗¾ = 𝑗X�� Hexp H
𝛼���𝜂¾��𝑞
𝑘𝑇���

I − exp H−
𝛼���𝜂¾��𝑞
𝑘𝑇���

II																																																															(3.9)	

𝑗¾ = −𝑗X�n� Jexp J
𝛼��n�𝜂¾�n�𝑞
𝑘𝑇���

K − expJ−
𝛼��n�𝜂¾�n�𝑞
𝑘𝑇���

KK																																															(3.10)	

where	 for	 i	 =	 ox/red,	 𝑗X� 	 is	 the	 exchange	 current	 density,	 𝛼�� 	 and	 𝛼�� 	 are	 the	 anodic	 are	

cathodic	 charge	 transfer	 coefficients,	 respectively,	 and	𝜂¾� 	 is	 the	 overpotential	 beyond	𝐸X� 	

that	is	required	to	obtain	jn.	The	following	relationship	between	the	operating	potential,	the	

two	overpotentials,	and	𝐸X	is	then,	
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𝑉¾ = ¢𝐸X�� − 𝐸X�n�¤ + (𝜂¾�� − 𝜂¾�n�)																																																																																				(3.11)	

Equations	3.8–3.11	represent	4N	coupled	equations	which	are	simultaneously	solved	using	

the	vpasolve	numeric	solve	function	in	MATLAB	2017b.		

The	total	solar-to-fuel	(STF)	efficiency	of	the	ensemble	is	found	by	taking	of	the	sum	

of	 the	 individual	 jn	 values,	 multiplying	 it	 by	 the	 formal	 potential	 of	 the	 fuel-forming	

reaction,	𝐸X = 𝐸X�� − 𝐸X�n�,	and	dividing	by	the	total	incident	solar	irradiance	I0,	

𝜂 =
∑ 𝑗¾ × 𝐸X

𝐼X
																																																																																																																									(3.12)	

where	the	sum	of	the	individual	jn	values	is	multiplied	by	the	potential	stored	in	the	fuels	

and	divided	by	the	total	 incident	solar	 irradiance	 I0.	The	baseline	parameters	used	 in	 the	

model	are	shown	in	Table	1.	The	catalytic	parameters	are	assumed	based	on	state-of-the-

art	 literature	values	at	 room	temperature	 for	 the	aqueous	oxygen	evolution	reaction	and	

the	aqueous	hydrogen	evolution	reaction.50,77,78	The	optical	thickness	of	the	entire	stack	is	

t����¡ = t ∗ 𝑁.	Unless	otherwise	noted,	t����¡	 is	kept	as	a	fixed	parameter	while	N	 is	varied,	

meaning	 the	 total	amount	of	 light	absorbed	by	 the	system	remains	constant	 for	different	

values	of	N.	Conversely,	this	means	that	as	N	increases,	the	absorptance	of	each	individual	

absorber	 decreases.	 A	 baseline	 value	 of	 t����¡ = 4.6	 is	 selected,	 meaning	 that	 the	 stack	

absorbs	 99%	 of	 all	 incident	 light.	 Other	 baseline	 parameters	 include	 100%	 radiative	

recombination	and	ΦX	follows	the	AM1.5G	solar	spectrum.	
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Parameter	 Baseline	Value	

t����¡	 4.6	

T	 298	K	

fc	 1	

𝐸X	 1.23	V	

𝑗X��	 3.3	x	10-6	mA/cm2	

𝑗X�n�	 1.5	x	10-1	mA/cm2	

𝛼���	 1.97	

𝛼���	 1.97	

𝛼��n�	 1.60	

𝛼��n�	 1.60	

Table	1.	Baseline	parameters	used	in	the	model.	

3.2.3. Proof	of	radiative	microscopic	reversibility	

Consider	an	ensemble	on	N	 identical	planar	light-absorbers	each	with	optical	thickness,	t,	

in	thermal	equilibrium	with	their	surroundings	through	radiative	coupling	via	their	top	and	

bottom	surfaces	only	and	no	interactions	from	their	sides.	Solar	radiation	is	incident	on	the	

ensemble	on	the	top	side	of	the	n	=	1	light-absorber,	and	blackbody	radiation	is	exchanged	

with	 the	 surroundings	 via	 the	 top	 of	 the	 n	 =	 1	 light-absorber	 and	 bottom	 n	 =	N	 light-

absorber.	Following	the	main	text,	the	transmittance	of	each	absorber,	T,	and	the	incident	

blackbody	flux	on	one	side	of	the	ensemble,	jbb,	are	defined	as	follows,	

𝑇 = 𝑒&Ç																																																																																																																																				(3.13)	

𝑗�� =
2𝜋𝑞
𝑐( i 𝜈(

l

w¬/­
exp(−ℎ𝜈/𝑘𝑇)																																																																																						(3.14)	
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where	q	 is	 the	 fundamental	 charge,	 c	 is	 the	 speed	 of	 light	 in	 vacuum,	Eg	 is	 the	material	

bandgap,	h	is	the	Planck	constant,	k	is	the	Boltzmann	constant,	and	T	is	the	ensemble	and	

blackbody	 temperature.	 Using	 the	 subscript	 n	 to	 denote	 the	 nth	 light-absorber	 in	 the	

ensemble,	 the	 total	 radiative	 flux	 emitted	 by	 both	 sides	 of	 a	 light-absorber	 is	 defined	 as	

follows,	

𝑗���,¾ = 𝑗��(1 − 𝑇)𝑒¦§À/¨ª																																																																																																		(3.15)	

where	Vn	 is	the	potential	of	the	nth	 light-absorber.	Photon	fluxes	are	converted	to	current	

densities	via	multiplication	by	q.	The	radiative	flux	emitted	by	absorber	m	and	absorbed	by	

absorber	n	is	then	

𝑗���,�→¾ =
1
2 𝑗���,�¢𝑇

|�&¾|&*¤(1 − 𝑇)																																																																												(3.16)	

Summing	 all	 fluxes	 absorbed	 by	 a	 single	 absorber,	 n,	 gives	 an	 expression	 for	 the	 total	

absorbed	flux	by	the	nth	absorber	as	follows,	

𝑗���,¾ = 𝑗��[𝑇¾&* + 𝑇Á&¾](1 − 𝑇) + Â 𝑗���,�→¾
�Ã¾

																																																					(3.17)	

In	order	to	obey	microscopic	reversibility,	jabs,n	and	jrad,n	must	be	equal	for	all	n	when	Vn	=	0	

and	 in	 the	 absence	 of	 additional	 incident	 light.	 We	 first	 set	 Vn	 to	 zero	 to	 obtain	 a	 new	

expression	for	jrad,n,	

𝑗���,¾ = 2𝑗��(1 − 𝑇)																																																																																																													(3.18)	

We	then	plug	this	expression	in	and	evaluate	the	expression	for	𝑗���,¾,	

𝑗���,¾ = 𝑗�� È𝑇¾&*(1 − 𝑇) + 𝑇Á&¾(1 − 𝑇) + Â 𝑇|�&¾|&*(1 − 𝑇)(
�Ã¾

É																				(3.19)	

Factor	this	expression	and	expand	the	term	in	the	sum	as	follows,	
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𝑗���,¾ = 𝑗��(1 − 𝑇) È𝑇¾&* + 𝑇Á&¾ + Â¢𝑇|�&¾|&* − 𝑇|�&¾|¤
�Ã¾

É																														(3.20)	

Add	 and	 subtract	 the	 m	 =	 n	 terms,	 which	 constitutes	 adding	 zero	 to	 the	 expression,	 to	

rewrite	the	sum	as	follows,	

𝑗���,¾ = 𝑗��(1 − 𝑇) È𝑇¾&* + 𝑇Á&¾ − 𝑇&* + 𝑇X +Â¢𝑇|�&¾|&* − 𝑇|�&¾|¤
�

É								(3.21)	

Expand	both	 terms	 in	 the	sum,	which	 is	bounded	 from	m	=	1	 to	m	=	N	with	no	excluded	

terms,	

Â𝑇|�&¾|&*
�

= 𝑇¾&( + 𝑇¾&P +⋯+ 𝑇* + 𝑇X + 𝑇&* + 𝑇X + 𝑇* +⋯𝑇Á&¾&( + 𝑇Á&¾&*																		(3.22)	

Â𝑇|�&¾|
�

= 𝑇¾&* + 𝑇¾&( + 𝑇¾&P +⋯+ 𝑇* + 𝑇X + 𝑇* +⋯+𝑇Á&¾&( + 𝑇Á&¾&* + 𝑇Á&¾												(3.23)	

And	evaluate	the	full	sum	as	follows,	

Â¢𝑇|�&¾|&* − 𝑇|�&¾|¤
�

= −𝑇¾&* + 𝑇&* + 𝑇X − 𝑇Á&¾																																														(3.24)	

This	allows	for	simplification	to	obtain	the	final	expression,	

𝑗���,¾ = 𝑗��(1 − 𝑇)[𝑇¾&* + 𝑇Á&¾ − 𝑇&* + 𝑇X − 𝑇¾&* + 𝑇&* + 𝑇X − 𝑇Á&¾]							(3.25)	

𝒋𝐚𝐛𝐬,𝐧 = 𝟐𝒋𝐛𝐛(𝟏 − 𝑻) = 𝒋𝐫𝐚𝐝,𝐧																																																																																												(3.26)	

Therefore,	the	system	obeys	microscopic	reversibility	for	photon	absorption	and	emission	

with	the	thermal	bath.	

3.2.4. Decoupled	Models	

There	are	two	major	differentiating	features	 in	the	ensemble-based	model	used	herein	 in	

comparison	 to	 a	 traditional	 single-absorber	model.	 The	 first	 feature	 is	 that	 even	 though	

each	 light-absorber	 absorbs	 the	 same	 fraction	 of	 incoming	 solar	 photon	 flux,	 there	 is	 a	
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substantial	 decrease	 in	 jph	 values	 through	 the	 stack	 as	 the	 incident	 light	 on	 each	 light-

absorber	is	progressively	attenuated.	This	means	that	each	light-absorber	has	a	unique	j–V	

relationship,	but	the	same	electrochemical	load	curve,	which	has	drastic	effects	on	the	total	

amount	of	net	 fuel	 production	 from	 the	 ensemble.	The	 second	 feature	 is	 the	presence	of	

inter-absorber	photon	recycling	that	occurs	when	some	of	the	radiative	emission	from	one	

light-absorber	 is	 reabsorbed	by	 the	 other	 light-absorbers	 in	 the	 stack.	 The	 extent	 of	 this	

effect	 is	 strongly	 influenced	 by	 the	 fraction	 of	 radiative	 recombination,	 fc.	 Because	most	

absorbers	have	small	values	of	fc,92	and	therefore	emit	few	photons,	it	is	important	to	study	

the	N-absorber	 design	without	 the	 effects	 of	 photon	 recycling,	 a	 condition	 that	we	 term	

“decoupled.”	

Although	this	condition	could	be	modeled	in	a	straightforward	manner	by	varying	fc,	

doing	 so	 drastically	 effects	 the	 j–V	 behavior	 of	 even	 the	 single-absorber	 case,	 making	 it	

difficult	 to	 specifically	 isolate	 the	 effect	 of	 reduced	photon	 recycling.	We	 therefore	 use	 a	

model	with	optically	stacked	absorbers	and	a	baseline	value	of	fc	=	1,	but	where	there	is	no	

radiative	coupling	between	 light-absorbers.	 In	 this	decoupled	model,	 the	 j–V	 relationship	

for	the	light-absorbers	is	the	standard	photodiode	equation	but	with	 jph,n	unchanged	from	

its	form	in	Equation	3.2	as	follows,	

𝑗¾ = 𝑞ΦX𝐴(1 − 𝐴)¿&* +
1
𝑓�
¢1 − 𝑒¦§À/¨ª¤																																																																						(3.27)	

This	 represents	 the	 unrealistic	 physical	 situation	where	 for	 absorption	 of	 solar	 photons,	

the	absorbers	are	positioned	optically	in	series	but	for	absorption	of	all	other	photons,	the	

absorbers	are	optically	isolated	and	individually	surrounded	by	blackbodies.	However,	this	

model	effectively	decouples	the	effects	of	photon	recycling	from	all	other	elements	of	 the	
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model	and	it	 is	thus	a	useful	tool	for	analyzing	the	effects	of	partial	solar	light	absorption	

alone.	In	the	decoupled	model,	which	has	a	j/V	relationship	dictated	by	the	semiconductor	

photodiode	equation,	the	expression	for	Voc,	assuming	fc	=	1,	is	

𝑉�� =
¨ª
¦
log j×ØÙ

×ÚÚ
+ 1k		 	 	 	 	 	 	 	 (3.28)	

and	thus	Voc	is	determined	entirely	by	the	ratio	𝑗�~/𝑗��.	

3.2.5. Decoupled	Models	with	Uniform	Photon	Absorption	

Each	 light-absorber	 in	 the	 above	 model	 has	 the	 same	 optical	 thickness	 but	 a	 different	

incident	 solar	 photon	 flux	 and	 thus	 a	 different	 rate	 of	 photon	 absorption.	 The	 total	 STF	

efficiency	 depends	 on	 the	 sum	 of	 all	 N	 operating	 current	 densities,	 and	 therefore,	

comparison	of	this	value	to	the	STF	efficiency	for	the	single-absorber	case	at	the	same	total	

number	 of	 absorbed	 photons	 will	 determine	 whether	 having	multiple	 light-absorbers	 is	

beneficial	 or	 detrimental.	 In	many	 cases,	 the	 effect	 of	 having	multiple	 light-absorbers	 is	

convoluted	 by	 opposing	 behaviors:	 certain	 light-absorbers	 in	 the	 stack	 exhibit	 large	

external	quantum	yields	for	generation	of	reaction	products,	and	therefore	utilize	photons	

well,	 while	 other	 light-absorbers	 in	 the	 stack	 do	 not.	 Therefore,	 we	 also	 investigated	

conditions	 that	 remove	 the	 chance	 for	 opposing	 behavior	 by	 ensuring	 that	 each	 light-

absorber	 in	 a	multiple-light-absorber	model	 absorbs	 the	 same	 number	 of	 incident	 solar	

photons.	There	are	two	distinct	ways	to	accomplish	this,	depicted	in	Figure	3.2,	which	each	

utilize	 N	 single	 light-absorbers,	 yet	 produce	 strikingly	 different	 results.	 In	 the	 thick-

absorber	 /	 1/N	 Suns	 model,	 each	 absorber	 is	 assumed	 to	 be	 as	 thick	 as	 in	 the	 single-

absorber	case	with	t = 4.6	and	therefore	each	absorbs	99%	of	 the	 incident	 light,	and	but	

the	incident	photon	flux	to	each	absorber	is	scaled	by	N,	such	that	ΦX =
ÛÜ,ÝÞß.àá

Á
.	Physically,	
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this	condition	would	be	achieved	by	using	optics	to	evenly	split	the	solar	radiation	covering	

the	 area	 of	 a	 single	 absorber	 across	N	 different	 identical	 absorbers	 that	 are	 each	 thick	

enough	 to	 each	 absorb	 99%	 of	 the	 split	 solar	 photon	 flux.	 In	 the	 thin-absorber	 /	 1	 Sun	

model,	 the	 incident	 photon	 flux	 remains	 at	 the	 1	 Sun	 intensity,	ΦX = ΦX,¸¹*.ºâ,	 but	 each	

absorber	only	absorbs	(99/N)%	of	the	light.	Physically,	this	condition	would	be	achieved	by	

exposing	N	 identical	optically	 thin	 light-absorbers	 to	1	Sun	 illumination.	 In	each	model,	a	

total	 of	 99%	of	 the	 solar	 flux	 incident	 on	 the	 area	 of	 one	 absorber	 is	 absorbed	by	 the	N	

absorbers,	 which	 is	 exactly	 the	 same	 condition	 used	 in	 the	 other	 models,	 where	 N	

absorbers	are	 stacked	optically	 in	 series	with	𝜏����¡ = 4.6.	 It	 is	 important	 to	note	 that	 for	

these	models	the	STF	efficiency	is	still	defined	in	terms	of	the	solar	flux	incident	on	the	area	

of	a	single	 light	absorber	 in	order	 to	compare	more	effectively	 to	 the	results	of	 the	other	

models.	 If	 the	 thin	 absorber	 scenario	 were	 actually	 fabricated,	 the	 true	 STF	 efficiency	

would	be	the	value	reported	in	this	work	divided	by	N.	

	

Figure	 3.2.	 Schematic	 of	 decoupled	 models	 with	 uniform	 photon	 absorption:	 (a)	 thick-
absorber	/	1/N	Suns	model	and	(b)	thin-absorber	/	1	Sun	model.	

3.3. Results	and	Discussion	

Figure	3.3a	shows	STF	efficiency	vs.	Eg	for	a	range	of	values	of	N	while	Figure	3.3b	shows	

the	enhancement	in	STF	efficiency	relative	to	the	case	when	N	=	1.	Over	the	range	of	Eg	=	
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1.6	 –	 2.0	 eV,	 the	 STF	 efficiency	 increases	 logarithmically	 as	 a	 function	 of	 N	 and	 the	

maximum	STF	efficiency	occurs	for	smaller	bandgaps.	This	means	that	incident	photons	are	

better	 utilized	 when	 multiple	 small-bandgap	 absorbers	 are	 present.	 To	 understand	 this	

behavior,	we	first	briefly	explain	the	cause	of	the	shape	of	the	N	=	1	data.	The	STF	efficiency	

is	directly	dependent	on	the	operating	current.	However,	to	provide	any	current	density	in	

the	fuel-forming	direction,	the	absorber	must	generate	an	open-circuit	potential	(Voc)	that	

exceeds	 the	 thermodynamic	 potential	 of	 the	 fuel-forming	 reactions.	 To	 drive	 water	

electrolysis	at	room	temperature	and	standard	state	conditions,	which	requires	Voc	>	1.23	

V,	the	minimum	bandgap	energy	for	a	single	absorber	with	the	baseline	parameters	shown	

in	Table	1	 is	Eg	=	1.52	eV.	For	bandgap	energies	between	1.52	eV	and	 the	maximum	STF	

efficiency	 value	 of	 1.93	 eV,	 the	 absorber	 can	 generate	 enough	 potential	 to	 drive	 the	

reactions,	but	the	Butler–Volmer	relationships	limit	the	operating	potential	to	values	close	

to	Voc,	such	that	a	substantial	amount	of	excited	charge	carriers	recombines.	In	this	case	the	

light-absorber	 is	 potential-limited.	 Beyond	 1.93	 eV,	 the	 light-absorber	 generates	 enough	

potential	 that	 it	 operates	 very	 close	 to	 its	maximum	operating	 current	 density,	which	 is	

dictated	by	 the	 absorbed	 solar	photon	 flux,	 jph.	 In	 this	 case	 the	 light-absorber	 is	 current-

limited,	and	every	increase	in	the	energy	of	the	bandgap	results	in	fewer	absorbed	photons	

and	therefore	a	lower	operating	current	density.	
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Figure	3.3.	STF	efficiency	vs.	bandgap	as	a	function	of	the	number	of	light-absorbers,	N.	(b)	
Difference	in	STF	efficiency	(from	the	N	=	1	case)	vs.	bandgap	for	the	same	range	of	values	
for	N.	

The	improvement	in	STF	efficiency	caused	by	using	multiple	light-absorbers	(N	>	1)	

vs.	 a	 single	 light-absorber	 (N	 =	1),	which	Figure	3.3b	 shows	only	occurs	 in	 the	potential-

limited	regime,	is	caused	by	a	convolution	of	two	effects.	The	first	effect	is	photon	recycling;	

when	the	operating	current	density	of	one	light-absorber	is	less	than	jph,	a	fraction	fc	of	the	

difference	 in	 current	 density	 between	 j	 and	 jph	 is	 reemitted.	 The	 other	 absorbers	 in	 the	

stack	are	able	 to	reabsorb	 this	radiation	and	 thus	 the	percent	of	 incident	photons	on	 the	

ensemble	 that	 are	 ultimately	 utilized	 for	 chemical	 reactions	 increases.	 The	 closer	 the	

operating	 potential	 is	 to	VOC,	 the	more	 photons	 are	 reemitted,	 and	 therefore	 the	 largest	

increase	in	STF	efficiency	from	photon	recycling	occurs	at	lower	bandgap	energies.		

The	other	beneficial	effect	of	having	multiple	light-absorbers	is	due	to	the	changes	

in	the	individual	photodiode	curves	caused	by	optical	thinning.	The	improvements	in	STF	

efficiency	are	due	to	a	convolution	of	partial	solar	light	absorption	by	each	absorber	in	the	

stack	 and	 the	 relative	 shapes	 and	 locations	 of	 the	 semiconductor	 photodiode	 j–V	

relationships	 (power	 curves)	 and	 electrocatalytic	 Butler–Volmer	 j–V	 relationship	 (load	



71	

	

curve).	When	the	thickness	of	each	of	the	N	light-absorbers	is	the	same,	the	absorptance	of	

each	absorber	is	the	same	but	jph	for	each	absorber	differs	due	to	different	light	intensities	

incident	 on	 each	 of	 the	 absorbers.	 This	 in	 turn	 causes	 each	 of	 their	 power	 curves	 to	 be	

different.	Quantum	efficiency	for	a	given	light-absorber	is	improved	when	its	power	curve	

intersects	 the	 load	 curve	 such	 that	 the	 ratio	 between	 the	 operating	 current	 and	 the	

absorbed	 photon	 flux,	 defined	 as	 jratio,n	 =	 jn/jph,n,	 is	 larger	 than	 jratio	 for	 the	 single	 light-

absorber	 case.	 STF	 efficiency	 is	 improved	 when	 all	 or	 most	 of	 the	 light-absorbers	 have	

improved	 jratio,n,	 resulting	 in	 a	 larger	 total	 operating	 current	 density	 from	 the	 N	 light-

absorbers.	 Because	 the	 rate-limiting	 recombination	 flux	 has	 the	 same	 dependence	 on	

optical	thickness	as	sunlight	absorption,	optical	thinning	decreases	jph	and	jbb	by	the	same	

factor.	 This	 means	 that	 neglecting	 photon	 recycling,	 the	 VOC	 of	 the	 first	 absorber	 is	

independent	of	the	amount	of	light	it	absorbs	and	therefore	independent	of	N	by	Equation	

3.14.	Thus	as	N	 increases,	 jratio,1	 increases	because	the	power	and	 load	curves	 intersect	at	

potentials	successively	further	from	VOC	and	current	densities	successively	closer	to	jph.	For	

subsequent	light	absorbers,	light	attenuation	causes	jph	to	exponentially	decrease	while	jbb	

is	the	same	as	jbb	of	the	top	absorber,	meaning	VOC	decreases	logarithmically	with	n.	jratio,n	is	

only	improved	in	light-absorbers	2-N	if	the	curvature	of	the	load	curve	is	sufficiently	small	

relative	 to	 the	 logarithmic	decrease	 in	Voc,	 i.e.	 that	catalysis	 is	slow,	as	depicted	 in	Figure	

3.4.	The	slower	the	catalysis,	 the	greater	 the	 increase	 in	STF	efficiency	with	respect	 to	N.	

This	 trend	can	be	clearly	seen	 in	 iterations	of	Figure	3.3a	with	varied	values	of	exchange	

current	 density	 and	 varied	 values	 of	 charge	 transfer	 coefficient,	 which	 are	 presented	 in	

Figure	3.5	and	Figure	3.6,	respectively.		
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Figure	 3.4.	 Examples	 of	 load	 curves	 where	 load	 matching	 enhancement	 occurs	 (a)	 and	
where	load	matching	does	not	occur	(b).	N	=	8	case	selected	for	easiest	visualization.			
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Figure	3.5.	STF	Efficiency	vs.	bandgap	for	different	values	of	N	in	the	(a,	b,	c)	coupled	and	(d,	
e,	f)	decoupled	models,	with	exchange	current	density	for	both	reactions	set	to	(a,	d)	1,	(b,	
e)	10,	and	(c,	f)	100	mA/cm2.	(g)	Maximum	STF	efficiency	vs.	N	on	a	base	2	logarithmic	scale	
for	all	cases.	
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Figure	3.6.	STF	Efficiency	vs.	bandgap	for	different	values	of	N	in	the	coupled	models,	with	
charge	transfer	coefficient	for	all	reactions	set	to	(a)	2.0,	(b)	1.0,	and	(c)	0.5.	(d)	Maximum	
STF	efficiency	vs.	N	on	a	base	2	logarithmic	scale	for	all	cases.	

By	studying	the	decoupled	model,	which	removes	the	effects	of	photon	recycling,	we	

can	 specifically	 analyze	 the	effect	of	optical	 thinning.	Figure	3.7a	 shows	 the	efficiency	vs.	

bandgap	 energy,	 Figure	 3.7b	 shows	 the	 difference	 between	 the	 coupled	model	 efficiency	
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and	the	decoupled	model	for	each	N	as	a	function	of	the	energy	of	the	bandgap,	and	Figure	

3.7c	shows	the	maximum	STF	efficiency	for	both	models	vs.	N	on	a	base	2	logarithmic	scale.	

Because	the	treatment	of	solar	photons	in	the	decoupled	model	is	identical	to	the	full	model	

but	 the	 diode	 behavior	 of	 each	 absorber	 in	 the	 decoupled	 model	 resembles	 that	 of	 an	

isolated	 absorber,	 the	 increase	 in	 STF	 efficiency	 for	 multiple	 absorbers	 seen	 in	 the	

decoupled	model	is	singularly	a	result	of	optical	thinning.	The	increase	in	STF	efficiency	in	

Figure	 3.7b	 is	 then	 specifically	 due	 to	 photon	 recycling.	 Photon	 recycling	 has	 the	 most	

impact	at	bandgap	energies	slightly	lower	than	the	value	that	maximizes	STF	efficiency	for	

each	value	of	N.	This	is	because	these	conditions	are	in	the	potential-limited	regime	where	

radiative	 recombination	 fluxes	 are	 large.	 Increases	 is	 STF	 efficiency	 from	 both	 photon	

recycling	 and	 optical	 thinning	 only	 occur	 in	 this	model	 because	 the	 efficiency	 for	 a	 fuel-

forming	 device	 is	 dependent	 on	 only	 the	 device	 current,	 not	 the	 product	 of	 current	 and	

potential	like	in	a	solar	cell.	This	is	illustrated	in	Figure	3.8,	which	shows	analogs	of	Figure	

3.3a	and	Figure	3.7a,	but	where	the	operating	current	density	and	potential	are	chosen	as	

the	point	that	maximizes	power	density,	ignoring	the	constraints	from	the	electrocatalytic	

Equations	3.9–3.11.	Figure	3.8	reports	the	power	conversion	efficiency,	which	is	the	figure-

of-merit	for	a	solar	cell	and	is	optimum	at	small	N.		
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Figure	3.7.	STF	efficiency	(in	the	absence	of	photon	recycling)	vs.	bandgap	as	a	function	of	
the	number	of	 light-absorbers,	N.	 (b)	Difference	 in	STF	efficiency	 (in	 the	presence	minus	
absence	of	photon	recycling)	vs.	bandgap	for	the	same	range	of	values	for	N.	(c)	Maximum	
STF	 efficiency	 (in	 the	 presence	 and	 absence	 of	 photon	 recycling)	 vs.	 N	 on	 a	 base	 2	
logarithmic	scale.	
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Figure	 3.8.	 Power	 conversion	 efficiency	 (PCE)	 vs.	 bandgap	 for	 (a)	 coupled	 and	 (b)	
decoupled	models	where	each	operating	current	and	voltage	 is	 selected	at	 the	point	 that	
maximizes	power.	(c)	Maximum	PCE	vs.	N	on	a	base	2	logarithmic	scale	for	both	cases.	

The	 effect	 of	 optical	 thinning	 on	 STF	 efficiency	 has	 a	 complex	 dependence	 on	

numerous	 absorption	 and	 electrocatalytic	 system	 parameters	 and	 the	 extent	 to	which	 it	

contributes	 to	 improved	 STF	 efficiency	 varies	 for	 each	 value	 of	Eg,	N,	 and	 n.	 In	 order	 to	

visualize	this	complex	dependence,	Figure	3.9	presents	maps	for	N	=	128	of	various	current	

density	terms	vs.	n	and	Eg	for	both	the	coupled	and	decoupled	models.	The	current	densities	

represent	those	due	to	absorption	of	blackbody	photons	from	other	absorbers	(Figure	3.9a;	

coupled	 model),	 absorption	 of	 incident	 solar	 photons	 only	 (Figure	 3.9d),	 radiative	
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recombination	when	fc	=	1	(Figure	3.9b,	e),	and	net	operating	current	density	(Figure	3.9c,	

f).	 Comparing	 the	 three	maps	 generated	using	 the	 coupled	model	 (Figure	3.9a,	 b,	 c)	 it	 is	

apparent	 that	 at	 low	 bandgap	 energies,	 large	 rates	 of	 photon	 recycling	 are	 almost	

completely	 negated	 by	 equally	 large	 rates	 of	 radiative	 recombination.	 Only	 at	 bandgap	

energies	in	a	narrow	range	near	1.75	eV	does	photon	recycling	have	a	net	beneficial	effect,	

which	is	in	agreement	with	Figure	3.7b.	All	data	in	Figure	3.9	indicate	that	almost	all	of	the	

fuel-forming	current	density	is	provided	by	the	top	half	of	the	light-absorbers	in	the	stack.	

This	makes	sense	because	the	top	half	of	the	stack	absorbs	90%	of	the	incident	light,	while	

the	 bottom	half	 of	 the	 stack	 absorbs	 only	 9%.	 In	 cases	where	many	 of	 the	 bottom	 light-

absorbers	perform	the	undesired	back-reaction,	optimization	of	 the	STF	efficiency	occurs	

when	the	bottom	half	of	the	absorbers	are	removed,	without	changing	the	top	half.	While	

this	 sacrifices	 small	 amounts	 of	 additional	 light	 absorption,	 it	 provides	 a	 net	 benefit	 by	

eliminating	the	portion	of	the	stack	that	net	performs	the	undesired	back-reaction.	
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Figure	 3.9.	 Maps	 of	 current	 density	 values	 as	 a	 function	 of	 bandgap	 and	 light-absorber	
number	 for	 the	 coupled	 model:	 (a)	 absorbed	 blackbody	 flux	 from	 neighboring	 light-
absorbers,	 (b)	radiative	recombination	 flux,	and	(c)	net	current	density;	 for	both	models:	
(d)	absorbed	incident	solar	flux;	and	for	the	decoupled	model:	(e)	radiative	recombination	
flux	and	(f)	net	current	density.	

It	is	clear	from	the	results	of	the	decoupled	model	with	baseline	parameters	(Figure	

3.7b,	c)	that	optical	thinning	causes	the	maximum	STF	efficiency	to	increase	logarithmically	

with	N	when	 electrocatalysis	 is	 suitably	 slow.	 The	 root	 cause	 of	 this	 relationship	 is	 the	

suppression	of	dark	current;	detailed	balance	dictates	that	an	optically	thin	absorber	has	a	

lower	reverse	saturation	current	density	(Equations	3.4	and	3.7)	so	despite	absorbing	less	

incident	light,	the	first	absorber	in	the	ensemble	has	the	same	VOC	as	a	single	absorber	that	

absorbers	 99%	 of	 the	 incident	 light.	 This	 phenomenon	 of	 a	 VOC	 that	 is	 independent	 of	

optical	 thickness	 has	 been	 demonstrated	 theoretically	 and	 experimentally.93–96	 As	 n	

increases,	fewer	photons	are	present	for	absorption,	which	means	that	jph	is	reduced.	This	

would	 be	 beneficial	 if	 VOC	 was	 unchanged	 because	 the	 power	 and	 load	 curves	 would	

intersect	at	a	current	density	close	to	jph,	resulting	in	higher	jratio,n.	However,	the	value	of	jbb	
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is	independent	of	n	and	therefore	as	n	increases,	Voc	decreases	which	causes	the	power	and	

load	curves	to	intersect	at	a	lower	current	density	and	eventually	causes	some	absorbers	to	

operate	in	reverse.	The	net	effect	obscures	this	tradeoff.	Therefore,	we	introduce	decoupled	

models	with	uniform	photon	absorption	to	independently	explore	these	processes	in	more	

detail.		

Figure	 3.10,	 b	 show	 results	 from	 the	 thick-absorber	 /	 1/N	 sun	 model	 and	 thin-

absorber	 /	 1	 sun	 model,	 respectively,	 and	 Figure	 3.10c	 shows	 the	 comparison	 of	 the	

maximum	 STF	 efficiency	 between	 these	 two	models	 and	 the	 standard	 decoupled	model	

(same	 data	 as	 red	 trace	 in	 Figure	 3.7c).	 The	 thin-absorber	model	 is	 slimilar	 to	 the	 case	

where	 bulk	 or	 radiative	 recombination	 limits	 performance	 because	 reverse	 saturation	

current	density	scales	with	jph;	the	data	exhibits	the	same	trend	of	improved	maximum	STF	

efficiency	 with	 increasing	N	 as	 the	 standard	 decoupled	 model,	 but	 with	 an	 even	 larger	

magnitude	of	improvement.	The	thick-absorber	model	is	similar	to	the	case	where	surface	

recombination	 limits	 performance	 because	 reverse	 saturation	 current	 density	 is	

independent	 from	 jph;	 the	 data	 shows	 almost	 no	 change	 as	N	 is	 varied.42	 The	 difference	

between	these	two	seemly	similar	models	is	due	to	how	jph	and	Voc	change	with	respect	to	

N.	 In	 the	 thin-absorber	model,	 𝑗�~,Áã* =
×ØÙ,äåß

Á
	 and	 𝑗��,Áã* =

×ÚÚ,äåß
Á

	meaning	 𝑗�~ 𝑗��⁄ 	 and	

thus	Voc	is	the	same	for	all	N.	Every	absorber	in	this	model	has	suppressed	dark	current	but	

is	 also	 exposed	 to	 one	 sun,	 so	 every	 absorber	 behaves	 like	 the	 first	 absorber	 in	 the	 full	

model,	with	VOC	equal	 to	 the	single	absorber	VOC.	As	N	 increases,	 the	progressively	 lower	

value	of	jph	and	unchanged	value	of	Voc	ensure	that	jratio	continuously	increases.	In	the	thick-

absorber	model,	𝑗�~,Áã* =
×ØÙ,äåß

Á
	while	𝑗��,Áã* = 𝑗��,Áæ*,	and	thus	both	jph	and	Voc	decrease.	
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The	absorbers	in	this	model	have	the	same	dark	current	as	the	single	absorber	but	absorb	

less	 light	 due	 to	 lower	 incident	 light	 per	 absorber.	 Load	 matching	 enhancement	 occurs	

when	an	absorber	has	a	low	absorptance	but	a	high	incident	photon	flux,	which	results	in	a	

large	VOC	and	a	small	 jph;	 this	 is	the	case	in	the	thin-absorber	model	while	the	opposite	 is	

the	 case	 in	 the	 thick-absorber	 model.	 The	 behavior	 of	 jph	 and	 Voc	 in	 the	 two	 models	

elucidates	 the	balance	 that	determines	why	STF	efficiency	 increases	with	 respect	 to	N	 in	

the	full	models.	Optical	thinning	causes	the	first	absorber	to	have	the	same	VOC	and	lower	

jph	 than	the	single	absorber,	guaranteeing	 improved	 jratio,1	 in	 the	potential-limited	regime.	

This	 improvement	 occurs	 for	 each	 absorber	 in	 the	 thin	 absorber	 /	 1	 Sun	 model.	 For	

subsequent	 absorbers,	 changing	 n	 causes	 jph	 and	 Voc	 scale	 with	 the	 same	 functional	

relationship	as	 j	and	𝜂��/�n�	 in	the	Butler–Volmer	equation	(Equations	3.9	and	3.10).	This	

scaling	 relationship	 is	 captured	 in	 the	 thick	 absorber	 /	 1/N	 Suns	model,	 but	 the	 scaling	

occurs	 with	 changing	N,	 not	 n.	 In	 the	 full	 models,	 every	 absorber	 in	 the	 stack	 exhibits	

improved	jratio.n	as	long	as	electrocatalysis	is	slow	enough,	i.e.	that	the	two	exchange	current	

densities	 and	 four	 charge	 transfer	 coefficients	 are	 low	 enough	 that	 the	 slope	 of	 the	 load	

curve	is	sufficiently	small,	until	the	limiting	case	when	Voc	is	less	than	E0.	Even	in	the	case	of	

faster	electrocatalysis	where	eventually	 the	bottom	portion	of	 the	stack	does	not	operate	

more	efficiently	than	a	single	absorber,	the	top	portion,	which	absorbs	the	majority	of	the	

incident	 light,	 performs	 so	 much	 more	 efficiently	 that	 the	 net	 result	 is	 enhanced	 STF	

efficiency	over	the	single-absorber	case.	This	is	elucidated	in	Figures	Figure	3.5	and	Figure	

3.6,	which	show	that	the	electrocatalytic	exchange	current	density	for	both	reactions	must	

approach	100	mA/cm2	for	multiple	absorbers	to	perform	worse	than	a	single	absorber	in	
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the	decoupled	model	and	can	exceed	1000	mA/cm2	without	multiple	absorbers	performing	

worse	 in	 the	 coupled	model,	 while	 STF	 efficiency	 is	 still	 improved	 in	 both	models	 with	

charge	transfer	coefficients	as	high	as	2.		

	

Figure	3.10.	STF	efficiency	vs.	bandgap	as	a	function	of	the	number	of	light-absorbers,	N	for	
(a)	 the	 thick-absorber	 /	 1/N	 Sun	 model	 and	 (b)	 the	 thin-absorber	 /	 1	 Sun	 model.	 (c)	
Maximum	STF	efficiency	vs.	N	on	a	base	2	logarithmic	scale.	

The	results	of	the	decoupled	models	with	uniform	photon	absorption	show	that	 in	

the	full	models,	where	all	absorbers	have	the	same	optical	thickness,	the	top	absorber	will	

have	the	same	Voc	as	a	single	absorber,	in	the	absence	of	photon	recycling,	and	as	incident	

light	is	attenuated,	Voc	from	each	light-absorber	will	decrease	as	it	is	located	deeper	in	the	
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stack.	This	means	 that	 the	 top	 light-absorbers	will	have	 the	most	 improved	performance	

while	 the	 bottom	 light-absorbers	 will	 have	 the	 least	 improved	 performance,	 and	 may	

possibly	 perform	 worse,	 compared	 to	 a	 single	 light-absorber.	 By	 analyzing	 the	 current	

density	of	each	absorber	in	a	stack,	we	can	quantify	how	this	performance	changes	within	a	

stack	 using	 jratio,n	 (equal	 to	 jn	 /jph,n).	 jratio,n	 is	 very	 closely	 related	 to	 external	 quantum	

efficiency;	it	differs	because	the	denominator	is	only	the	total	absorbed	solar	photons	and	

does	not	count	recycled	photons.	If	jratio,n	for	a	light-absorber	in	the	stack	is	higher	than	jratio	

for	 the	 single-absorber	 case,	 then	 that	 light-absorber	 contributes	 to	 overall	 larger	 STF	

efficiency.	Figure	3.11a,	b	show	maps	of	jratio,n	as	a	function	of	n	and	Eg	for	the	coupled	and	

decoupled	models,	respectively,	using	baseline	parameters	shown	in	Table	1	and	N	=	128.	

The	regions	below	and	to	the	right	of	the	green	line	are	regions	where	jratio,n	is	lower	than	

jratio	for	the	single	light-absorber.	Remarkably,	this	only	occurs	when	the	operating	current	

density	 is	 very	 close	 to	 or	 smaller	 than	 zero,	 i.e.	 where	 the	 light-absorber	 operates	 in	

reverse.	 At	 all	 substantial	 values	 of	 j,	 all	 absorbers	 in	 the	 stack	 outperform	 the	 single	

absorber	for	the	baseline	electrocatalytic	parameters	used.	In	the	coupled	model,	jratio,n	can	

exceed	 1	 because	 of	 photon	 recycling.	 This	 occurs	most	 substantially	 for	 light-absorbers	

deeper	 in	the	stack	because	 jph	 is	so	small	 for	 these	 light-absorbers	that	small	changes	 in	

the	number	incident	photons	have	large	impacts	on	the	operating	current	density.		
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Figure	 3.11.	 Maps	 of	 Jratio	 vs.	 absorber	 number	 and	 bandgap	 with	 N	 =	 128	 for	 (a)	 the	
coupled	 model	 and	 (b)	 the	 decoupled	 model.	 Green	 line	 indicates	 the	 division	 between	
absorbers	which	have	Jratio	higher	(left	and	above)	and	lower	(right	and	below)	than	Jratio	for	
the	single	absorber.	

Figure	3.12	shows	iterations	of	Figure	3.11	with	higher	values	of	exchange	current	

density	 ranging	 from	 0.1	 –	 100	 mA/cm2.	 As	 j0	 increases,	 the	 number	 of	 absorbers	 that	

perform	worse	 that	 the	N	=	1	 increases,	 and	 the	magnitudes	of	 the	negative	 jratio,n	 values	

drastically	 increase,	 once	 again	 demonstrating	 that	 large	 N	 has	 the	 most	 benefit	 when	

catalysis	is	slow.	
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Figure	3.12.	Maps	of	 Jratio	vs.	absorber	number	and	bandgap	with	N	=	128	for	(a,	c,	e)	 the	
coupled	model	 and	 (b,	d,	 f)	 the	decoupled	model	with	exchange	current	density	 for	both	
reactions	set	to	0.1	(a,	b),	1	(c,	d),	and	10	(e,	 f)	mA/cm2.	Green	line	indicates	the	division	
between	absorbers	which	have	 Jratio	 higher	 (left	 and	above)	 and	 lower	 (right	 and	below)	
than	Jratio	for	the	single	absorber.	
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The	maximum	STF	efficiency	for	water	electrolysis	under	standard-state	conditions	

at	room	temperature	and	assuming	no	catalytic	overpotentials	 (infinite	exchange	current	

density),	 is	 30.6%,46	while	 the	maximum	 efficiency	 using	 state-of-the-art	 electrocatalytic	

parameters	is	in	the	range	of	15	–	20%	depending	on	the	exact	model	parameters	chosen.	

The	 large	discrepancy	 is	mainly	due	 to	 the	poor	 catalysis	of	 the	OER,	which	has	been	an	

active	 area	 of	 research	 of	 over	 half-a-century79–81.	 However,	 even	 in	 the	 absence	 of	 any	

breakthroughs	 in	 the	 rate	 of	OER	 electrocatalysis,	we	have	 shown	 that	 utilizing	multiple	

light-absorbers	 can	 effectively	 overcome	 limitations	 imposed	 by	 this	 slow	 rate	 of	 OER	

electrocatalysis.	This	leads	to	a	shift	in	the	STF	efficiency	toward	its	maximum	theoretical	

value	 and	 therefore,	 represents	 a	 promising	 way	 to	 develop	 high-efficiency	 water	

electrolysis	devices.	

The	fraction	of	radiative	recombination,	fc,	is	one	of	the	most	important	parameters	

in	 determining	 the	 maximum	 efficiency	 of	 a	 solar	 fuels	 device.	 Figure	 3.13	 shows	 STF	

efficiency	vs.	bandgap	energy	for	varied	N	in	the	coupled	model	with	fc	varied	in	two	ways.	

In	 the	 left-hand	plots	 (a,	 c,	 e,	 g),	 a	 value	 of	 fc	 is	 chosen	 and	 kept	 constant	 for	 all	N.	 This	

models	 the	 case	where	 the	nonradiative	 recombination	process	occurs	 in	 the	bulk	of	 the	

material	and	thus	radiative	and	nonradiative	recombination	scale	equally	with	distance.	In	

the	right-hand	plots	(b,	d,	f,	h),	a	value	of	fc	is	chosen	for	the	N	=	1	case,	which	by	Equation	

3.7	determines	the	nonradiative	reverse	saturation	current	density,	j0,NR,	

𝑗X,�� = 2𝑗��𝐴 j
*
ÄÅ
− 1k	 	 	 	 	 	 	 (3.29)	



87	

	

This	 value	 of	 j0,NR	 is	 then	 used	 for	 all	 subsequent	N,	 which	 effectively	 decreases	 fc	 with	

increasing	 N.	 This	 models	 the	 case	 where	 the	 nonradiative	 recombination	 process	 is	 a	

surface	phenomenon	that	does	not	change	with	the	thickness	of	the	light	absorber.	

The	 maximum	 STF	 efficiencies	 for	 all	N	 clearly	 scale	 logarithmically	 with	 fc.	 The	

magnitude	of	 improvement	in	STF	efficiency	for	successively	larger	N	 is	unchanged	when	

the	 bulk	 recombination	model	 is	 used,	while	 there	 is	 no	 improvement	when	 the	 surface	

recombination	model	is	used.	Thus,	while	larger	fc	is	always	desirable,	the	benefits	of	large	

N	 are	 seen	 for	high	 rates	of	bulk	nonradiative	 recombination.	 State-of-the-art	GaAs	 solar	

cells97	 and	 solution-processed	 organic–inorganic	 hybrid	 perovskite	 solar	 cells98	 have	

achieved	nearly	unity	values	of	fc.	However,	for	widely	studied	solar	cell	materials	there	is	a	

range	of	values	for	 fc	 that	span	over	ten	orders-of	magnitude.92	In	particular,	devices	that	

incorporate	nanomaterials	typically	have	low	values	of	fc	because	of	the	dramatic	increase	

in	the	number	of	surface	trap	states	due	to	the	presence	of	large	surface	areas,99	although	

radiative	recombination	fractions	on	the	order	of	3	x	10-4	have	recently	been	reported	for	

inorganic	 perovskite	 quantum	 dot	 solar	 cells.100	 Additionally,	 most	 trap	 states	 in	 these	

devices	arise	from	the	need	to	cast	the	quantum	dots	into	electronically	coupled	thin	films;	

colloidal	 suspensions	 of	 numerous	 types	 of	 quantum	 dots	 exhibit	 extremely	 high	

photoluminescence	 yields.	 These	 quantum	 dots	 can	 be	 prepared	 using	 low-cost,	 facile	

synthesis	methods	with	bandgaps	easily	tunable	within	the	ranges	of	optimal	STF	efficiency	

over	a	wide	range	of	N	and	fc101–103.	If	water-stable	colloidal	suspensions	of	these	quantum	

dots	 could	 be	 prepared	with	 ligands	 that	 performed	 solar	 fuels	 catalysis,	 they	would	 be	

direct	manifestations	of	the	model	presented	here	with	extremely	high	N.		
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Figure	3.13.	STF	efficiency	vs.	bandgap	for	the	coupled	model	with	radiative	recombination	
fraction	(fc)	equal	 for	all	N	 to	 (a)	1e-1,	 (c)	1e-2,	and	(e)	1e-6,	and	 for	 fc	 in	 the	N	=	1	case	
equal	 to	 (b)	 1e-1,	 (d)	 1e-2,	 and	 (f)	 1e-6	 and	 j0,NR	 kept	 constant	 for	 all	 subsequent	 N.		
Maximum	STF	efficiency	vs.	N	on	a	base	2	logarithmic	scale	for	(g)	the	constant	fc	case	and	
(h)	the	constant	j0,NR	case.	
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Hybrid	 organic–inorganic	 halide	 perovskite	 materials,	 which	 are	 grown	 using	 low-

temperature,	solution-processed	techniques,	have	been	used	as	the	light-absorber	in	solar	

cells	with	>	20%	PV	efficiency104	and	tandem	solar	water-electrolysis	devices	with	>	12	%	

STF	efficiency26.	While	the	most	efficient	perovskite	materials	have	bandgap	energies	that	

are	slightly	 too	small	 to	drive	water	electrolysis	and	related	solar	 fuels	reactions	at	 large	

rates,	 their	 bandgap	 energies	 are	 highly	 tunable	 in	 the	 range	 of	 1.5	 –	 2.3	 eV	 via	 partial	

substitution	 with	 Br–	 for	 I–.105	 Moreover,	 these	 materials	 have	 been	 reported	 to	 have	 fc	

values	 that	 range	 from	 near	 unity98	 to	 several	 orders-of-magnitude	 below	 unity,	 both	

conditions	 that	 would	 result	 in	 large	 gains	 in	 STF	 efficiency	 by	 increasing	 N.	 This	 is	

accomplished	by	decreasing	the	film	thickness,	which	is	facile	with	the	solution-processed	

techniques	 used	 to	 fabricate	 these	 materials.	 Assuming	 that	 issues	 of	 materials	 water	

instability	 can	 be	 overcome	 and/or	 surfaces	 can	 be	 protected,	 this	 represents	 a	 direct	

pathway	to	a	single-material,	low-cost,	high-efficiency	solar-to-fuel	device.	

	 There	 are	 several	 demonstrations	 of	 solar	water-electrolysis	 devices	 that	 already	

utilize	numerous	optically	thin	absorbers.	One	of	 the	most	successful	 is	 the	photocatalyst	

sheet	 developed	 by	 the	 Domen	 group.83–85	 These	 devices	 utilize	 porous	 sheets	 of	

photocatalyst	 nanoparticles	 that	 independently	 perform	 water	 electrolysis	 due	 to	

negligible	 charge	 transport	 between	 particles.	 While	 coevolution	 of	 H2	 and	 O2	 gases	

presents	 an	 explosive	 mixture,	 recent	 work	 suggests	 that	 via	 engineering	 controls,	

explosion	 hazards	 can	 be	 mitigated85.	 This	 configuration	 is	 directly	 applicable	 to	 the	

models	presented	herein	because	it	 is	a	system	of	optically	thin	light-absorbers	in	optical	

series	that	independently	perform	solar	fuels	reactions.	The	challenge	for	these	devices	is	
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to	develop	electrocatalytically	active	materials	with	smaller	bandgaps,	because	most	of	the	

materials	 studied	 so	 far	 are	 well	 within	 the	 current-limited	 regime	 due	 to	 their	 large	

bandgap	 energies,42	meaning	 that	 there	 is	 no	 benefit	 to	 having	multiple	 light-absorbers.	

Experimentally	this	condition	has	been	shown	by	the	linear	dependence	on	the	rate	of	H2	

production	on	excitation	 light	 intensity.85	Another	similar	device	 is	 the	Z-scheme	particle	

suspension	 reactor,	 which	 we	 have	 modeled	 extensively31	 and	 contains	 two	 types	 of	

photocatalyst	 nanoparticles	 that	 exchange	 charge	 via	 a	 redox	 shuttle.	 Similar	 to	 the	

photocatalyst	sheets,	most	Z-scheme	materials	studied	thus	far	have	had	bandgap	energies	

that	are	too	large42	to	benefit	from	having	multiple	thin	light-absorbers.	The	ideal	material	

would	 have	 a	 tunable	 particle	 size,	 tunable	 direct	 bandgap,	 large	 quantum	 yield	 for	

emission,	and	be	stable	in	an	aqueous	environment.	

Another	 means	 to	 increase	 the	 STF	 efficiency	 is	 to	 increase	 the	 surface	 area	 for	

electrocatalysis.	In	the	ideal	case,	the	resulting	effect	on	STF	efficiency	is	the	same	as	for	the	

decoupled	thin-absorber	case	but	does	not	require	that	recombination	be	bulk	or	radiative	

limited.	 However,	 there	 are	 benefits	 to	 using	 multiple	 light-absorbers	 instead	 of	 simply	

increasing	 loading	 of	 the	 electrocatalysts.	 Many	 electrocatalysts	 absorb	 light	 and	 so	

minimizing	the	total	electrocatalyst	thickness	is	critical	to	obtaining	large	STF	efficiencies.	

The	largest	surface-area	to	volume	ratio	is	obtained	by	coating	semiconductor	surfaces	in	

monolayers	 of	 electrocatalysts.	 This	 can	 be	 accomplished	 in	 photocatalyst	 designs	 using	

facile	photochemical	deposition	routes,42	while	it	is	not	possible	for	single	light-absorbers	

without	 substantially	 increasing	 the	 mass	 loading	 required	 for	 porosity	 and	 therefore	

optical	absorption.	Particles	are	also	beneficial	because	they	each	operate	at	small	currents	
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and	 therefore	have	 lesser	 issues	with	species	mass	 transport,	are	 themselves	mobile	and	

have	better	access	to	reactants	and	products	due	to	lack	of	a	mesoporous	electrode	where	

forced	convection	within	 the	pores	 is	difficult.	Moreover,	 their	small	 size	 facilitates	rapid	

charge	separation	and	their	large	surface-area-to-volume	ratios	mean	little	electrocatalyst	

must	be	present,	which	can	lead	to	beneficial	effects	due	to	pinch-off.		

3.4. Conclusions	

We	 have	 developed	 a	 novel	 model	 to	 show	 that	 through	 photon	 recycling	 and	 load	

matching	 enhancement,	 an	 ensemble	 of	 optically	 stacked	 thin	 light-absorbers	 can	 have	

substantially	increased	solar-to-fuels	efficiency	when	compared	to	a	single	absorber.	Poor	

catalysis,	which	has	been	one	of	the	major	barriers	to	solar	fuels	applications	such	as	water	

electrolysis,	 can	 be	 overcome	 by	 selecting	 a	 large	 number	 of	 absorbers	with	 the	 correct	

bandgap.	The	results	of	this	model	show	that	there	are	promising	avenues	to	explore	using	

materials	 and	 devices	 with	 low	 processing	 costs,	 such	 as	 perovskite	 solar	 cells,	

photocatalyst	sheets,	and	particle	suspension	reactors.	
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Conclusion	

Models	 are	 based	 on	 the	 thermodynamic	 principles	 of	 detailed	 balance	 and	 blackbody	

radiation,	 semiconductor	 device	 physics,	 and	 simple	 catalysis	were	 used	 to	 calculate	 the	

maximum	 theoretical	 solar-to-fuel	 efficiencies	 of	 novel	 solar	 fuels	 devices.	 They	

demonstrated	the	substantial	benefits	of	using	a	system	of	photocatalyst	particles	or	other	

optically	 thin	 light-absorbers	 to	perform	solar	 fuels	 reactions	over	 traditional	monolithic	

light-absorbers.	The	 importance	of	 the	 redox	 shuttle	 thermodynamic	potential	 and	other	

catalytic	 parameters	 when	 implementing	 these	 light-absorbers	 in	 an	 electrochemically-

mediated	tandem	system	was	also	demonstrated.	This	work	will	allow	future	researchers	

to	develop	solar	fuels	devices	that	have	the	potential	to	be	economically	viable	on	a	large	

scale.	 	
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