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Abstract

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
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hydrogen-evolving 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° mA/cm?, 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.

Introduction

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,' 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 occurs for a single light-absorber with a bandgap of 1.1 —
1.4 eV.> 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
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majority of demonstrations of tandem solar water electrolysis, the light-absorbers are connected
electronically in series (Figure 1a).> 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,® and they have been described and
modeled extensively in the literature.”

Another approach to tandem solar water electrolysis replaces electronic connection(s)
between the light-absorbers with electrochemical connection(s) (Figure 1b). These

electrochemically-connected tandem devices use redox shuttles (denoted by A/A™ in Figure 1b)

4A™ + 4k - 4A D <4H++4e‘ ~» 3H,

Light-absorber 1 Light-absorber 1

ﬁA/A' transport &

Light-absorber 2

C 2H,0 + 4h* — 4H* + 0,
4A + de™ > 4A™ ;

Light-absorber 2

< 2H,0 + 4h* > 4H* + 0,

Figure 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.
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that are oxidized by holes from the H,-evolving light-absorber and that are reduced by electrons

from the Os-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 H, evolution and O, evolution in separate compartments and does

not require the use of an ion-selective membrane, like Nafion.'®>'8

This design, depicted in
Figure 1b, maximizes light-absorption by stacking the compartments optically in series, and by
evolving H, and O, in separate compartments avoids explosive hazards. As a result, techno-
economic projections suggest that Z-scheme particle suspension reactors for plant-scale
production of Hj are a scalable technology that can be cost-competitive with H, generated by

15,18-22

steam methane reforming, provided that photocatalyst materials, redox shuttles, and

additional reactor components are discovered that are efficient, durable, and inexpensive.B’24
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,18 as compared to the large number of demonstrations with > 10% STH efficiency for
the electronically-connected tandem devices.™® Recently, our group developed transport and
kinetic models for Z-scheme particle suspension reactors that established that passive diffusive
species transport with 105 /I and quinone/hydroquinone (Q/QH;) redox shuttles can sustain up
to a 4% solar-to-hydrogen conversion (STH) efficiency in centimeter-tall reactors.” 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 (TiO,, BiVO4 and Rh-doped SrTiO;) and plausible redox shuttles

(Fe**/Fe**, 1057/, Q/QH,). That work did not optimize the STH efficiency for the bandgap
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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,” ' 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 performance of a

single light-absorber depends on the exchange current densities modeled for the redox shuttle.

Numerical Model

Models for electronically-connected tandem devices for solar water electrolysis that are
positioned optically and electronically in series (Figure 1la) are well known.™ '
Electrochemically-connected devices (Figure 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
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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,

Viop T Vbottom = (Eoer — Engr) + Moer + |Muerl| (1)
where, Viop and Vyorom are the operating potentials of the top and bottom light-absorber,
respectively, Eqgr and Eygr 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 7ngogr and nugr 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 1, and therefore, the positions
of these reactions are interchangeable.

For the electrochemically-connected tandem devices charge is mediated between the two
light-absorbers by a soluble redox shuttle, A/A™ (Figure 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,

Vbottom/top = (EOER - Eshuttle) + NOoER + |nshuttle,red| (2)

Vtop/bottom = (Eshuttle — Engr) + Tshuttle,ox T |7uEr| (3)
where Egue 18 the thermodynamic potential of the redox shuttle oxidation/reduction reaction,
the differences (Egnhuttie — Eugr) and (Eogr — Eshuttie) are the thermodynamic minimum
electrochemical loads for the reactions taking place at each light-absorber, and nghyttie0x and

Nshuttlered are the electrocatalytic overpotentials for oxidation and reduction of the redox shuttle,
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respectively. The operating electrochemical loads are thus the full sums described on the right-
hand sides of Equations 2 and 3, and 1 (Figure 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.

optimal HER light-absorber bandgap optimal OER light-absorber bandgap

operating electrochemical load operating electrochemical load

>

|ns,red|

7herl

Eshuttle = EHER EOER - Eshuttle

ov <..............> 123V Potential vs. RHE
varied Eg, e

Figure 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 (Eqgr —
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Eygr) = 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.

Each light-absorber is modeled as an ideal photodiode via the typical areal current-

density vs. voltage (j—V) relationship,'*'"*>*
qv_
j= jph + jtn <1 - ekBT) 4)
jph = ACIJ n(v)dv (5)
Eg/h
. 2mAq (* 5 hv
Jth = —0 f véeksT dy ©6)
¢ JEg/n

where jp, 1s the current density due to the absorbed solar photon flux, ji, 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,” ¢ is the fundamental charge, kg is the Boltzmann constant, 7 is
the temperature of the device and is assumed to be 300 K, 4 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, Eg is the energy of the bandgap of the light-absorber, / is the Planck

constant, v is the photon frequency, n is the frequency-dependent incident photon flux, and c is
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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.?’ For the top light-absorber, n(v) is the solar photon flux,
while for the bottom light-absorber, n(v) 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.

The frequency-independent absorptance (4) is included in Equation 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 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.**’
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.””® 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.”® 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.”” Because
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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.

For most cases, 4 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, 4o, 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 4o, = 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,

o ag Noxq al*Noxq
j=Jjs" (eXp (—) — exp (— —)) (7)
0 kgT kgT
ared ared
j — —jged (exp < a k”;edQ) — exp (_ c kn;edq>> (8)
B B

where jj are the exchange current densities, @, and @, are the anodic and cathodic charge
transfer coefficients, respectively, i 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 8 ensures that the current

10
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densities associated with the oxidation and reduction half-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 4.
Experimentally-measured  kinetic ~parameters for state-of-the-art RuO, OER

3031 1. . .
" which were used in previous

electrocatalysts and state-of-the-art Pt HER electrocatalysts,
models of electronically-connected tandem devices,'® are incorporated herein for conditions of
net production of O, and H,, respectively, but with optimal selectivity such that o for the
undesired reactions are set equal to zero (jouer = 0.147 mA/cmz; Jooer = 3.26 x 107 mA/cmz;
aner = 0; acuer = 1.97; o oer = 1.60; ¢ 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
OuErR = Ocnpr = 1.97 and o opr = @aopr = 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 the OER light-absorbers only the rate of reduction of the redox shuttle increases

11
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with increased bias voltage. The significance of selective, asymmetric redox shuttle
electrocatalysis and optimal redox shuttle kinetic parameters were discussed in our prior work.*
The relationship between the operating voltage and the overpotentials are described by
Equations 2 and 3 for the light-absorbers that perform the OER and the HER, respectively. In the
absence of absorptance optimization, 4 is set to one and Equations 2 or 3 and 4, 7, and 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 and 3, and two
versions of Equations 4, 7, and 8, one of each for each light-absorber, are simultaneously solved
under the constraint of current-matching, i.€. jiop = jpottom, and with Ay, as a free parameter.
Other designs can also be modeled using similar procedures. In the model of an electronically-
connected tandem device, Equations 1, 7, and 8, and two versions of Equation 4, one for each
light-absorber, are simultaneously solved to obtain the overall operating current density. For the
single light-absorber design, Equations 1, 7, and 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 or 3, and 4, 7, and 8, are solved for each light-absorber. In this case, n(v)
for each light-absorber is set equal to the solar photon flux and A4 is set equal to one, but the
current density of each light-absorber is 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

12
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Equations 2 and 3, and two versions of Equations 4, 7, and 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,

J X ES, /1,0

Iam,15

©)

NsTH =

where Iap 15 18 the frequency-integrated AM 1.5 solar irradiance. The value of ngry 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 9 that is variable is j, and thus the STH efficiency is completely

determined by the matched operating current of the two light-absorbers.

Results and Discussion

Figure 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 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.,10 because of additional solution resistance terms that were
included in their work. Figure 3b and 3c depict the STH efficiencies for electrochemically-
connected tandem designs for the specific cases of Egume = 0.36 V and Egnye = 1.06 V, redox
shuttle potentials that lead to maximum STH efficiencies equal to that of the electronically-
connected devices. For Egyye = 0.36 V vs. RHE (Figure 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

0.8V (1.23V-0.36 V).

13
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Figure 3. Contour plots of STH efficiency as a function of the energy of the bandgap (E,) 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 Eg,ye = 0.36 V vs. RHE and an OER top light-absorber, and (c) an
electrochemically-connected tandem configuration with Egqye = 1.06 V vs. RHE and an HER
top light-absorber.

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 Egyie = 1.06 V
vs. RHE (Figure 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 3b and 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 3b and 3¢ are related by reflection across the 45° 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 3b, and with an HER light-absorber bandgap of 1.53

V and an OER light-absorber bandgap of 0.75 V in Figure 3c.
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Figure 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 3b and 3¢ for an HER light-absorber 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 Egpye
selected for Figure 3b and 2c 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 4. The observed trend results because the redox
shuttle potential determines how the electrochemical loads (Equations 2 and 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 9), the STH efficiency is maximized when the bandgap energy is small

while still
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Figure 4. Maximum STH efficiency vs. Egye With ideal catalytic parameters. The maxima
occur at Egue = 0.36 V, where the OER occurs at the top light-absorber, and Egyyie = 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.

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 4 that
each 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.

16
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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), while the
electrochemical load for the HER light-absorber increases (Equation 3), all while Vi, >

Vyottom- 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 Egne 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
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the electrochemical load on the bottom light-absorber 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 Egye until a local minimum in STH
efficiency is observed at Egyye = 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, Egyyme > 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 Egyye 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 Ege equals 1.06 V. As in region 1, when Egpyye > 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 Egywe = 1.23 V results in a
substantially larger STH efficiency compared to Egpye =0 V (27% compared to 21%) is because
the Pt HER electrocatalyst is at least two orders of magnitude faster than the RuO, 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

- 32-34
ongoing research efforts.

Therefore, in region 4, relatively smaller bandgap requirements are
placed on the top, HER light-absorber compared to in region 1 for the top, OER light-absorber.

In summary, the maximum STH efficiency for each value of Eg,y. is limited by photon

18

Page 18 of 34



Page 19 of 34

Energy & Environmental Science

absorption, and therefore photocurrent (Equation 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 4 there are several regions where the plot changes curvature, roughly
at04V-05V,065V-0.75V,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 S1 shows an analogous plot to Figure 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 5 presents the contour plots of STH efficiency as a function of bandgap
combination without absorptance optimization (Figure 5a and 5b) and with absorptance
optimization (Figure 5c¢ and 5d) at two values of Egpyie: Eshuie = 0.36 V (Figure 5a and 5¢) is a
redox potential that results in a global maximum for STH efficiency and Egyye = 0.71 V (Figure
5b and 5d) 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
5a and 5b) there exists a single bandgap combination for each value of Egpye that results in its
maximum STH efficiency: for Egyme = 0.36 V, the bandgaps are 1.53 eV and 0.75 eV for a 34%
STH efficiency, and for Egye = 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 Egye = 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 S5c, which represent
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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 Egwe = 0.71 V, which resulted in equal operating electrochemical loads for

both light-absorbers, absorptance optimization allows
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Figure 5. Contour plots of STH efficiency as a function of the bandgap of the HER and OER
light-absorbers for (a, ¢) Egume = 0.36 V and (b, d) Espume = 0.71 V. Absorptance optimization is
used to obtain the STH efficiencies in panels ¢ and d.

a larger range of bandgap combinations to produce a near-optimal STH efficiency value of 26%.

Disregarding small fluctuations in the AMI1.5G solar spectrum by analyzing conditions that

result in at least 99% of this maximum STH efficiency value, absorptance optimization allows
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the top light-absorber bandgap to range from 1.75 eV to 1.13 eV, with 4., 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.
Although absorptance optimization increases the number of high-efficiency bandgap
combinations, it does not increase the maximum STH efficiency for a given value of Egpye. This
is expected because whether or not absorptance optimization is used, the 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,'® and the bandgaps of these materials are often difficult to adjust
without negatively affecting other photocatalytic properties. Additionally, for all values of Egyye,
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 S2) 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

2324 .
“* For all other values of Egue, and in

particle suspension reactors for solar water electrolysis.
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.'

21



Energy & Environmental Science

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 Egume # 0.71 V, however, the maximum STH efficiency is still
smaller than for the stacked tandem design, as shown in Figure S2.

Figure 6 builds on Figure 4 and Figure 5 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 Egume 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 Ay, = 1 is

optimal, absorptance
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Figure 6. Bandgap combinations that result in an STH efficiency that is within 99% of the
maximum STH efficiency for each value of Eg,ye (a) without absorptance optimization and (b)
with absorptance optimization. Marker color signifies the value of Egnye. The inset in panel a is
a reproduction of Figure 4 using the same color scheme as in this figure.

optimization does not affect the results and therefore, a range of bandgaps for the bottom light-
absorber results in the maximum STH efficiency for each value of Egpye. 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
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a single bandgap combination at Egpyye values of 0.36 V and 1.06 V. In regions 2 and 3, which
are bracketed by Egue 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 6a), 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 6b), the bandgap of the top light-absorber can range from a maximum value
when 4o, = 1 to a minimum value fixed by its electrochemical load. The range of A4, values
resulting in near-optimal STH efficiencies increases to a maximum of 0.5 to 1 as Egyme
approaches the condition where a local minimum in STH efficiency occurs, at Egyyye =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 Egyyye = 0.71 V.

For the results in Figures 2 — 5, 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 7 shows the STH efficiency vs. Egyye for a
range of values of the exchange current density of the redox shuttle, jo shutie, and still assuming
selective catalysis toward the desired reactions. As jo e 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
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Figure 7. Maximum STH efficiency vs. Eguuie for different values of the redox shuttle exchange
current density, joshute, 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.

both light-absorbers for any value of Eg,yye. This results in a decrease in the maximum STH
efficiency, which is found to have an approximately logarithmic dependence on joshutte- This
logarithmic trend can be explained by Equations 7 and 8 which dictate that the electrocatalytic
overpotential scales logarithmically with jo e For large enough values of joshue (> 10?
mA/cm?) the overpotential is effectively zero and the maximum STH efficiency plateaus, as
shown in Figure S4; however, as jo snuttie decreases the two redox shuttle potentials that result in a
maximum STH efficiency converge slightly. For

example, for jo shuttle = 10* mA/cm? the maximum STH efficiency occurs for Egyye = 1.00 V and

0.43 V, instead of for Eguwe = 1.06 V and 0.36 V when jj shue 18 nearly infinite. This is because
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at smaller values of josue the overpotential for redox shuttle reactions represents a larger
fraction of the electrochemical load on each light-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 Egyyme = 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
Egue = 0.71 V, because this is the condition where the operating electrochemical loads on each
light-absorber are the same and therefore, when jo e 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.

In Figure 7, the STH efficiency is plotted for Eg,e values that extend beyond the water
stability window of 0 V to 1.23 V as indicated by vertical dashed lines. For Eg,yye < 0 V, the
minimum electrochemical load for the top light-absorber, i.e. (1.23 V — Egye) in region 1 by
Equation 2, exceeds the minimum electrochemical load for overall water electrolysis, (1.23 V-0
V) by Equation 1, while for Egye > 1.23 V, the minimum electrochemical load for the top light-
absorber, i.e. (Esguuwe — 0 V) in region 4 by Equation 3, also exceeds the minimum
electrochemical load for overall water electrolysis. It is apparent from Figure 7 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 S3 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
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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 Eg,. values extend beyond the water stability
window. This occurs when |n5huttle,red| < |nyerl in region 1 and Ngpyttieox < MoEr in region 4
and 1s a consequence of the relative values for the exchange current densities of each reaction.
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, josmue, affects STH efficiency. Practically, a wide range of factors can affect
Joshuttles 1ncluding 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 reaction® >

. Because optimizing a device requires
consideration of the HER, the OER, and the redox shuttle reactions, a wide range of jo shutte
values is expected. As joshute decreases from its nearly infinite value (red) to a value similar that
of jo ner(py (blue) and ultimately to a value that is similar to that of jo orrruo2) (green), the range
of values for Ege Where the tandem design is more efficient than the single light-absorber
design narrows. When jo shute 15 large (= 0.1 mA/cmz), the maximum STH efficiency for the
tandem design exceeds that for the single light-absorber design over a significant range of Eghye
values above 1.23 V (up to 1.35 V for jo shutte = 0.1 mA/cm?). Because the value of Jo.shuttle 1S

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
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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 jo shutie < 0.1 mA/cm?
there are conditions where the single light-absorber maximum STH efficiency exceeds that of the
tandem light-absorber maximum STH efficiency even when Eg,u. 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 or 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.

We have clearly shown that the value of Eg,,1e 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, 103 /I and Q/QH», and predicted that a steady-periodic STH efficiency of ~4% was
possible when either was used.”” The thermodynamic potentials of these redox shuttles, 1.085 V
for 105 /I and 0.7 V for Q/QH,, lie near the predicted global maximum and local minimum in
the STH efficiencies reported herein, respectively. Thus, we anticipate that the 105 /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
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smaller bandgap. The Q/QH; 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 6b). In this case, crystalline silicon could possibly be
used for both light-absorbers. The other commonly considered redox shuttles, Fe*/Fe*" and 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.

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 Egye = 0.36 V or Egume = 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
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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 0.71 V, which is
the local minimum STH efficiency. Predicted results elucidate that even with slow redox shuttle
electrocatalysis, €.2. jo shuttle = 107 mA/cmz, 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 0.3V — 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,”> we expect that the 05 /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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