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Photocatalysts are conceptually simple reaction units where nanoscale semiconductors integrated with
catalysts drive a pair of redox reactions on illumination. However, the proximity of reaction sites performing
cathodic and anodic reactions poses dire challenges to realize large light-to-fuel conversion efficiencies. In
this study, a powerful, yet straightforward, equivalent-circuit detail-balance modeling framework is developed
and applied to evaluate the performance of photocatalytic systems featuring multiple light absorbers.
Specifically, low bandgap iridium-doped strontium titanate is modeled as a Z-scheme photocatalyst to achieve
desirable hydrogen evolution and iron-based redox shuttle oxidation reactions. Our model has unique
capabilities to simulate competing redox reactions and address mass-transfer limitations. In a significant
departure from state-of-the-art circuit models, our study develops tools to perform load-line analyses by
incorporating a net electrochemical load curve that includes both desired and competing redox reactions.
Consequently, reaction selectivity is predicted from equivalent circuit models for photocatalytic and
photoelectrochemical systems. Our investigation into ensembles comprised of multiple, semi-transparent light
absorbers reveals their potential to outperform a single, optically thick light absorber, particularly when
operated under mass-transfer-limited conditions. However, this outcome hinges on minimizing mass-transfer

Received 8th May 2024, rates of select redox species to prevent undesired reactions of hydrogen oxidation and/or redox shuttle
Accepted 3rd September 2024 reduction. Our findings demonstrate that reaction selectivity can be achieved by tuning asymmetry in redox
DOI: 10.1039/d4ee02005¢ species mass-transfer even with perfectly symmetric electrocatalytic charge-transfer coefficients. The

influences of various kinetic, mass-transfer, and thermodynamic parameters are explored to offer crucial
rsc.li/ees insights for synthesis of the next-generation of photocatalysts and selective coatings, and reactor designs.

Broader context

In global pursuit of net-zero carbon emissions, a significant emphasis is placed on green hydrogen from water and renewable resources. Hydrogen is versatile
as an energy carrier and a storage medium and has enormous potential to decarbonize industrial sectors. The U.S. Department of Energy Hydrogen Shot
Initiative aims to lower the production cost of green hydrogen to less than $1 per kilogram by 2030. Presently, electrolytic technologies that harness renewable
electricity to produce hydrogen and oxygen by splitting water are experiencing rapid development and commercialization. However, formidable cost and
stability barriers persist. Alternatively, sunlight-driven, photocatalytic hydrogen production with metal oxide semiconductors has immense potential to be cost-
effective but faces efficiency hurdles. Most photocatalytic systems are operative at less than 10% solar-to-hydrogen efficiencies. To overcome this hurdle, there
is a crucial need for the development of rigorous, yet simple, models that link fundamental material properties, kinetics, and mass transfer behavior with
performance characterized by solar-to-hydrogen efficiencies. An often-overlooked aspect in state-of-the-art models is the undesired reactions due to
(electro)chemical recombination of products formed, which negatively influence efficiency. Addressing this will be crucial to surpass 10% solar-to-hydrogen
conversion efficiencies, and towards meeting the Hydrogen Shot cost target.
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1. Introduction

Nanoscale-semiconductor-mediated redox reactions powered
by sunlight form the basis of photocatalysis."”> Such systems
enable the conversion of abundant, yet intermittent and dif-
fuse, sunlight into storable and transportable chemical fuels,*™®
including hydrogen,”* carbon monoxide for synthesis gas*>~"
and methanol,**” by using water and carbon dioxide as
feedstock. Photocatalytic oxidation reactions also have
extensive applications, for example, to treat organic contami-
nants 2830 and air,**?*!' and to effect methane
transformations, albeit often only increasing reaction rates
and not storing free-energy compared to the fuel-forming
photocatalytic systems. Recently, the field of photocatalysis
has expanded significantly to include synthesis of commodity
chemicals and pharmaceuticals wusing molecular dye
sensitizers.>*™** This study develops an equivalent-circuit,
detailed-balance modeling framework particularly focusing on
modeling competing redox reactions, and ensemble effects
from multiple light absorbers to predict solar-to-fuel energy
conversion efficiencies in photocatalytic systems.

On a photocatalyst surface, each photogenerated pair of
charge carriers that do not recombine will drive at least one
reduction and one oxidation reaction to maintain charge
neutrality. Herein, we focus on photocatalytic hydrogen evolu-
tion, H + e — 1/2H,, coupled to an oxidation reaction,
represented as D'/D (D — D" + e”) (Fig. 1(a)), which commonly
includes D'/D species of 0,/H,0, Fe(m)/Fe(u), or I7/I0;~ (with
reaction stoichiometries and water/protonic species excluded
for simplicity). While the hydrogen evolution reaction (HER) is
the desired reduction reaction from conduction-band states,
undesired reduction of D' is both thermodynamically, and
often kinetically, favored, serving as a shunt and attenuating
desired redox reactivity (Fig. 1(b)). The same effects hold for
desirable oxidation of D by valence-band states in comparison
to undesired H, oxidation. Such undesired redox reactions, i.e.
D' reduction and H, oxidation, have been observed experimen-
tally in photocatalytic systems, even in cases when metallic
cocatalysts are incorporated with the intention of catalyzing
desired redox reactions.**™*® The challenge of reaction selectiv-
ity is most stark in two-step/dual-compartment Z-scheme
photocatalysis with soluble redox shuttles that typically involve
reversible D'/D redox species that relay electrons between light
absorbers that drive both the oxygen evolution reaction (OER)
and the HER.">*” Z-scheme reactors are important to consider
as they facilitate intrinsic spatial separation of H, and O, to
promote safe operation by mitigating an explosive mixture of
gases that are likely to be formed when water splitting efficien-
cies are large. Additionally, prior*®**° and our team’s recent
technoeconomic analyses®®" suggest that low-cost materials
and suspension reactor design concepts could be cost-
competitive with steam methane reforming for H, production
when solar-to-hydrogen efficiency is larger than 10%. There-
fore, there is a critical need to predict reaction selectivity and
determine how performance is influenced by redox shuttle
kinetic parameters. Additionally, photocatalyst-particle-based

in water
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reactor architectures, either as suspensions'>*” or photocata-
lyst sheets,"">* are more likely to be subject to mass-transfer
limitations due to one, or all, of the following factors: (i)
ineffective stirring/mixing on the reactor scale; (ii) small redox
shuttle species concentrations that are restricted either due to
their strong parasitic absorption of visible light or limited
solubility; and (iii) small redox shuttle diffusivities, especially
for large molecules like quinones* and inorganic coordination
compounds like those based on cobalt.>

Modeling tools that are analogous to detailed-balance
efficiency predictions in photovoltaic cells already exist
for photovoltaic-electrolyzer, photoelectrochemical, and photo-
catalytic systems."***"*° Most of these models pair the current-
voltage behavior of an ideal photodiode with electrochemical
loads due to reaction kinetics and ohmic/solution
resistance.’®>® Many of the studies have also looked at the
behavior of multiple semiconductor diodes connected electri-
cally in series, tandem or multijunction set-ups,"***® with
recent studies extending modeling capabilities to account for
different configurations including thinning of semiconductors
for better photocurrent matching®®® and our own work on
electrochemically mediated tandem solar water splitting sys-
tems, which did not consider competing redox reactions and
ensemble effects.®* Even with such comprehensive predictive
tools and foundational knowledge in the literature, all studies
outside of our recent work have unanimously discounted the
effects of competing, parallel redox reaction pathways
(Fig. 1)."°" Recently, we modeled Z-scheme photocatalysis
from a suspension of particles that coupled light absorption,
photodiode power production, diffusive transport, and electro-
chemical reactions. However, the influences of competing
reactions were conservatively modeled with a simplified calcu-
lation of driving forces for competing reactions based on using
the same operating potential that was derived from the
assumption of perfect selectivity.’> We also modeled competing
reactions for conduction-band states for photoelectrochemical
NO;~ reduction, but did not include these considerations for
valence-band states, and only considered a single, optically
thick light absorber.®" This latter aspect is significant, because
photocatalyst suspension reactors'>'*#7:53:52:63 and particulate
photocatalyst sheets'®''*52645 jnclude an ensemble of light
absorbers, suggesting that detailed-balance models to simulate
them should include this effect as well. To this end, we recently
developed a modeling framework to predict the performance of
an array of optically thin semiconductor light absorbers driving
solar water splitting.*®®” However, that study did not rigorously
model the effects of competing redox reactions and mass-
transfer limitations.

Motivated by the outlined knowledge gaps, our study
extends the equivalent-circuit modeling approach, modifying
it to be more applicable for photocatalytic reactor concepts. As
such, we included competing redox reactions and interdepen-
dent effects of kinetics, mass transfer, and light transport on
selectivity and solar-to-chemical efficiencies for a varying num-
ber of planar slabs of semiconductor light absorbers. Model
predictions are applied to compare and interpret experimental
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Fig. 1 Comparison of the current state-of-the-art models (left column) and the approach used herein (right column). Single-particle-level reaction
schematic and equivalent circuit diagram for (a) the ideal scenario, where only the desirable redox reactions for reduction (H*/H,) occur from conduction
band (CB) states and for oxidation (D*/D) occur from valence band (VB) states, with ignored competing redox reactions shown by dashed lines; D*/D is
representative of reduced/oxidized aqueous redox shuttle species, where for simplicity the mass-balancing H,O and H* species are not indicated:; (b) the
more realistic scenario where competing redox reactions occur in parallel with desired redox reactions. Kinetic and mass-transfer resistances are
accounted for at both the VB and the CB, and the sum of these components is represented as a variable resistor in the circuit. Load-line analyses of the
photodiode power curve (black) with the load curves (green for the redox shuttle, RS, and blue for the hydrogen, H2, redox reactions) (c) when only
desired redox reactions are implemented (ignored competing reactions indicated by dashed lines) and (d) when competing reactions are considered as
well, where desired redox reaction currents are shown as filled circles and competing undesired redox reaction currents are shown as open circles.
(d) The high proclivity of competing redox shuttle reduction as compared to the desired H, evolution at CB, whereas H, oxidation is constrained by
solubility limits at the VB. Operating point is indicated by the black marker on the photodiode power curve, while satisfying current and potential
equalities (egn (iv) and (v) in the inset). Key governing equations are included in the inset below for: (i) the current-voltage ( jop, Vop) relationship for a
semiconductor modeled as an ideal photodiode; (i) kinetic, nwn and (iii) mass-transfer, n.. overpotentials as a function of the limiting anodic and
cathodic current densities respectively, j;, and j ., and other kinetic parameters (jo, a4, ac); and (iv) current and (v) potential equality in series and parallel
circuit elements respectively. A nomenclature of all symbols is provided in the ESI.{

data for photocatalytic particle suspension reactors for water
splitting. Our model includes multiple light absorbers that
undergo several physical processes that depend on materials’
thermodynamic and kinetic parameters, while factoring in
reaction selectivity and mass-transfer limitations. A significant
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contribution is the development of a new circuit-based model-
ing approach that accounts for all possible electrochemical
load curves together with photodiode power curves and applies
this framework for an ensemble of light absorbers. Predictions
of selectivity, and the inclusion of mass-transfer effects, are
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unique distinctions and a deviation from state-of-the-art
models that are tailored toward efficiency predictions for
externally biased and/or membrane-containing wireless photo-
electrochemical electrodes, where perfect reaction selectivity is
assumed.®®”’?> Even though our study specifically focuses on
performance predictions for Z-scheme photocatalytic solar
water splitting systems,>'" the approach developed herein
is more broadly applicable to understand and predict perfor-
mance limits for photocatalytic and photoelectrochemical
systems alike.

2. Theory and experimental

2.1. Photodiode modeling

The current-potential behavior of the semiconductor light
absorber was modeled using the Shockley-Queisser detailed-
balance analysis,”® and this was comprehensively explained in
prior work (eqn (S1)-(S5), ESI}).">**77% To enable perfor-
mance predictions that are material agnostic and to facilitate
a wide range of parameter explorations and sensitivity studies,
additional assumptions were made:

(i) Ideal photodiode behavior, where the short-circuit photo-
current density, js. (Fig. 1(i)), is obtained by assuming a step-
function for the absorption onset at the bandgap, a prescribed
fraction of incident photons, dictated by the absorptance, is
absorbed by the light absorber (eqn (S2), ESIf), and each
absorbed photon generates a single electron-hole pair.

(if) Equilibrium radiative recombination current density, ji,
(Fig. 1(i)), that arises from thermal emission to the surrounding
medium at 298.15 K was modeled; for the sake of simplicity
inter-absorber photon recycling was not modeled.

(iii) Interfaces between the light absorber and water and air
are modeled to be transparent, and without any reflections;
spectral optical properties for absorption and emission were
not included.

All light absorbers are modeled as planar slabs with inten-
sity variations modeled only along the direction of the incident
light. No absorption of incident light was assumed to be taking
place in the surrounding electrolyte, as competition from redox
shuttle species in solution has been specifically addressed in
prior work.'” The short-circuit photocurrent density of the nth
light absorber, jq.n, is dictated by its absorptance and the
incident light intensity (eqn (S2), ESIt), which was assumed
to be the air mass 1.5 global (AM1.5G) solar spectrum and
normal to the plane of the light absorbers.”* The semiconduc-
tor assumed to be a narrow bandgap photocatalyst (1.55 eV
corresponding to Ir-doped SrTiO;)”> was fixed throughout the
study, as bandgap effects have been well captured in prior
work.">"*®1 Optical thickness, 1, is a non-dimensional length
scale dictated by the absorption coefficient and the geometric
thickness of a slab and characterizes the extent of absorption -
the absorptance increases as the optical thickness increases,
ie.,, A =1 — exp(—1); optical thickness is equivalent to the
Napierian absorbance.”® While we model a varying number of
light absorbers, the total absorptance and optical thickness are

This journal is © The Royal Society of Chemistry 2024
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constrained to be the same for all cases, Ay = 0.99 and ol =
4.61. This is achieved by modifying the optical thickness of
individual light absorbers to be inversely proportional to the
number of light absorbers (eqn (S4), ESIt), i.e., the same total
mass and volume of the semiconductor material is considered
irrespective of the number of light absorbers modeled. The
absorption coefficient was intentionally made spectrally inde-
pendent to allow the absorptance and optical thickness to
remain well-controlled variables that are material-agnostic.

The equilibrium radiative recombination current density, j.+
(Fig. 1(i)), was modeled by considering multiple scenarios. For
the base case that is applied for most of the results presented,
Jir is computed from the blackbody emission spectrum that is
scaled by the same absorptance that was used to calculate j. ,
(eqn (S2) and (S5), ESIt). This is consistent with the Shockley-
Queisser formulation and accounts for (re)absorption of radia-
tive intensity within the volume of the semiconductor slab, i.e.,
we include intra-absorber photon recycling.”>”””® Therefore,
for this baseline case, while the equilibrium radiative recombi-
nation current density, jir ,, remains the same for every light
absorber, the short-circuit photocurrent density js. ., (eqn (52),
ESIt) decreases with increasing light absorber number due to
exponentially decreasing incident solar light intensity (Fig. 6).
This baseline case was compared against scenarios where the
theoretical maximum for radiative recombination was modeled
(eqn (S6), ESIT) that assumes homogenous emission without
any attenuation within the volume of the semiconductor slab.
Additionally, to model scenarios where other recombination
mechanisms are at play, such as non-radiative recombination
mechanisms, we considered three other cases where the recom-
bination current density is arbitrarily made 10, 100, and 1000
times larger than the theoretical maximum value for the
radiative recombination current density (Fig. S1, ESIt). Overall,
the baseline case with idealized diode behavior was chosen to
highlight the effects of mass-transport and kinetic parameters
on the system performance. Introducing non-idealities such as
a non-unity ideality factor for the diode, imperfect internal
quantum yields for charge-separation, and more mechanistic
details on non-radiative recombination of the generated
charge-carriers will lead to a reduction in the predicted solar-
to-chemical efficiencies (and external quantum yields), however
we anticipate predicted trends to remain qualitatively still
the same.

2.2. Electrochemical reactions and mass-transfer

For the electrochemical loads in the circuit (Fig. 1(ii) and (iii)),
concentration and kinetic overpotentials have been accounted
based on the assumption of unity activity of all redox species in
the bulk.”® Relative areas for each redox reaction were assumed
to be the same, such that current densities and currents exhibit
identical outcomes. While the concentration overpotential
accounts for concentration differences between the surface of
a cocatalyst and the bulk solution, the kinetic overpotential is
influenced by the electrocatalytic parameters of exchange cur-
rent density, charge-transfer coefficient, and surface concen-
tration of redox species. This surface species concentration is

Energy Environ. Sci., 2024,17, 8254-8273 | 8257
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dictated by the ratio of the operating current density to the
respective limiting current density (eqn (S7), ESIf). Table S1
(ESIt) summarizes all modeling parameters considered. Many
factors influence the limiting current density, including the
mass-transfer behavior, as dictated by the concentration
boundary layer thickness, species diffusivity, and bulk species
concentration. To broadly consider these interconnected fac-
tors, limiting current densities of individual species were varied
over several orders of magnitude to traverse different operating
regimes. The limiting current density for the desired anodic
reaction of the redox shuttle (D — D" + €7), jirs,4 Was varied
with respect to the short-circuit photocurrent density of the
light absorber (factors of 1 x 107> to 1). We model uniform
limiting currents across all the light absorbers for the ensemble
case, which is representative of fast mixing of all species
concentrations in the reactor volume. However, these limiting
currents will be influenced by the spatially dependent rates of
reactant/product consumption/formation calculated from the
load line analyses performed (Section 2.4), and this should be
considered in future work.

Asymmetry factors g; were introduced to compare the limit-
ing current densities of the competing reactions to the desired
redox shuttle oxidation current density. This asymmetry factor
is defined for both the valence and conduction band states to
respectively quantify the extent of competing H, oxidation
(g1,vB = Ji1,alf1,rs,«) and the competing redox shuttle reduction
(g1,cB = Virs,cl/jirs,a) @s compared to the desired redox shuttle
oxidation. Cathodic current density for H, evolution was rea-
sonably defined to be much larger than the short-circuit
photocurrent density of the photodiode (jiu, c/jsc = —1000). In
addition to the limiting current densities, the exchange current
density (jors =1 x 107°~1 x 10~* A m~?) and the asymmetry
in the charge transfer coefficients (¢, rs = 0.01-0.99, where
ders t Ogrs = 1) for the redox shuttle reaction were also
parametrized. H, evolution was modeled based on established
kinetic parameters for Pt cocatalysts, with jo 1, = 10 A m 2 and
%g, = %cu, = 1 for all cases, unless otherwise indicated.®™

2.3. Performance metrics

Solar-to-chemical (STC) efficiency (eqn (1)) is obtained to con-
vert the incident sunlight at 1 Sun irradiance (1000 W m™?) to a
chemical power density stored in the net H, formed at the
conduction band (CB) and valence band (VB).

—(jeBH, +JvB.H,)
ne‘].[z F
1000 (1)

Ag®

net

STC =

where, Agd.. is the standard Gibbs free energy difference for the
net desired oxidation and reduction reactions. In our study, we
model hydrogen evolution simultaneously with Fe(u1) oxidation,
which results in a mole-specific free energy change of Agh. =
148.60 KkJ mole’l. Because we model all redox reactions to be
reversible, we allow for H, oxidation to occur both at the
conduction and valence band states. Therefore, negative STC
efficiencies arise when there is a net consumption of the H,
produced.
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To provide results that are agnostic to the standard potential
of the net reaction, we also calculate the apparent quantum
yield (AQY) of converting the absorbed photon flux to a H, flux
as in eqn (2):

—(jeBH, +JvB.H,)

AQY = =
9e fubg bamisdv

(2)

A reaction selectivity (Six,) is computed based on the molar
reaction rates of the desired products as compared to the total
rate of desirable and competing redox reactions at both the
valence and the conduction bands (eqn (3)).

live.rs| lice.m, |
e RS Ne,H
SexnvB = : ; Stan.cB = i 3
P lvers|  |ive,| el licers|  licsm, | G)
Ne RS Ne H, Ne RS Ne H,

2.4. Load-line analysis

Fig. 2 is a graphical illustration of the procedure used to
determine operating potential and current density for a light
absorber and the corresponding current densities for indivi-
dual redox species reactions at the valence band (VB) and the
conduction band (CB). A net electrochemical load curve is first
obtained that combines the polarization (j-V) behavior of the
individual redox species - (Fe(u)/Fe(n) and H'/H, in Fig. 2).
This net electrochemical load curve dictates the operating point
of the photodiode (Fig. 2), from which the individual j-V pairs
for the redox species are obtained based on the two constraints
of current and potential equalities (eqn (S8) and (S9), ESIT).
The intersection point of the photodiode power curve and
load curve (Vin, jin) Was used as the starting point for the
solver.®® From this step, Vyp is set equal to Vi, and Vgg is
computed such that the conduction band operates at the same
magnitude of current density as j;, but with a negative value;
subplots for steps 1-3 in Fig. 2 show representative intersection
curves for the same light absorber but with two different
electrochemical load curves. At this point, if the operating
potential is not equal to the difference between the valence
and the conduction band potentials, i.e., Vyg — Vcp = Vin was
not satisfied, the operating point on the photodiode was shifted
in a stepwise manner until the governing potential and current
density equalities are satisfied (step 4 in Fig. 2). The direction of
the shift depends on whether the initial guess underestimates
(“undershoot”) or overestimates (‘“‘overshoot”) the potentials
where the constraint is satisfied. Depending on this, the
operating current density was either increased or decreased
in a step-wise manner, with the steps in current density, jsecp,
proportioned to be small compared to either the intersection
current density, ji,, or the difference between ji, and the
maximum current density that can be sustained by the system,
Jmax- This iterative process is done until Vyg and Vg satisfy the
constraints for the operating potential within a tolerance of
107°. Tolerance is here defined as the difference between the
left-hand and right-hand sides of eqn (S9) (ESIf). From the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Algorithmic flow chart for load-line analyses with subplots depicting the step-wise aproach for the cases of “undershoot” (middle column) and
“overshoot” (right colum), for a single photodiode power curve and exemplary net electrochemical load curves. Steps 1-3: the intersection of the
photodiode power curve and the net electrochemical load curve is the starting point (Vi,, jin shown as the yellow marker) that determines the initial Vg in
and Vg in. Step 4: shifting the operating point to larger (undershoot) or smaller (overshoot) current densities. Step 5: when the stopping criteria are met,
the operating points on each curve can be calculated, with the desired redox reaction shown with the filled circles, the competing reaction shown with
the open circles, and the behavior at the conduction band and valence band indicated by Vg and Vg, respectively. RS: redox shuttle reaction. H2:

hydrogen reaction.

converged solutions for the operating point (V,p, and j,, in Fig. 2
subplots for step 5) of the light absorber and the valence and
conduction band potentials (Vypg and V¢g), we can determine
the corresponding split in the current densities between paral-
lel reactions.

This approach of performing load-line analysis was verified
against previously reported data to obtain a solar-to-hydrogen
conversion efficiency of 18% for a single, optically thick light
absorber driving O, and H, evolution with assumptions of
perfect selectivity at both the valence and conduction
bands.13,58,61

2.5. Varying model parameters to traverse different operating
regimes

Fig. 3 shows different regimes of operation depending on the
limiting current densities and the electrocatalytic parameters
(Table S1, ESIt) modeled by considering Fe(m)/Fe(u) as the
redox shuttle paired with the H, evolution for a single, optically
thick light absorber. The limiting current densities are treated
as variables, ranging over several orders of magnitude, to cover
different operating regimes. In the mass-transfer-limited
regime (Fig. 3(a)), the minimum limiting current density
amongst the desired redox reactions, in this case for Fe(u)
oxidation, j;rsgq is much smaller compared to the short-
circuit photocurrent density, joe, (Jirsalise = 1 x 1072 in
Fig. 3(a)), meaning that operating current densities are
restricted to being less than j; zs .. In the sunlight-absorption-
limited regime (i.e., jirsq/jsc = 1) (Fig. 3(b)), operating current
densities are restricted to being less than the short-circuit
current, which is influenced by the bandgap, optical

This journal is © The Royal Society of Chemistry 2024

absorptance, and the incident spectrum (eqn (S2), ESIT). The
kinetic parameters for the redox reactions can further restrict
the operating current densities in this sunlight-limited regime
(Fig. 3(c)). Compared to Fig. 3(b) that modeled an exchange
current density for the redox shuttle reactions of jors =
10 A m 2, Fig. 3(c) modeled a smaller value of jjgs
0.1 A m 2, which leads to a larger kinetic overpotential for
the Fe(u) oxidation reaction and therefore further restrains the
operating current density.

2.6. Experimental measurements with photocatalytic
particles

Model predictions were compared against and used to interpret
experimental data with suspensions of photocatalytic particles.
SrTiO; nanoparticles doped with Ir and containing Ir cocata-
lysts were synthesized using a previously reported procedure.®*
The photocatalytic activity of these nanoparticles (2 mg) sus-
pended in 1 mL of an aqueous CH3;OH solution (10%, v/v) was
determined by continuously sampling the headspace above the
solution using a mass spectrometer/residual gas analyzer
(Hiden Analytical, HPR-20 EGA) via a previously reported
protocol.”” Nanoparticle suspensions were prepared using
ultrahigh-purity deionized water (>18 MOhm cm, Millipore
Sigma, Milli-Q Reference Water Purification System) and were
dispersed using an analog vortex mixer (VWR) and placed into a
1 cm pathlength cuvette (FireflySci Cuvette Shop, Type 41
Macro Cuvette with Screw Cap (OG 41FLUV10)) before CH;0H
(Fisher Chemical, Optima™ LC/MS Grade) was added. The
cuvette was housed in a custom 3D-printed white holder to
maximize absorptance and was stirred with a 3 x 8 mm PTFE-
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Fig. 3 Load-line analysis depicting photodiode power curve (black), individual reaction load curves (H2: hydrogen reaction in blue, RS: redox shuttle
reaction in green), and net voltage-matched reaction load curve (yellow), showing for desirable redox shuttle oxidation: (a) mass-transfer-limited
behavior, (b) sunlight-absorption-limited behavior, and (c) redox-kinetics-limited behavior. In each panel, current densities for the desired redox
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taprs = 0.5 gvs = 1 x 107%, gicg = 1 x 107Y, jinaclise = —1000, and Eeqrs = 0.77 V. For reference, 1 A m—2=01mAcm™>

coated rare earth magnetic stir bar (2mag-USA, Power Bar 8 PI
01108) driven by a cuvette stirring system at 1200 rpm (2mag-
USA, 2mag cuvetteMIXdrive 1, 2mag MIXcontrol eco Control
Unit). Argon (99.999% ultrahigh purity) was used as a carrier
gas and a 405 nm laser diode (Thorlabs, L405G1) was used
as the illumination source, whose power was varied from
11-130 mW. At every illumination power, except the smallest
power of 11 mW, two trials were performed to assess material
stability under repeated illumination. A known volume of
molecular hydrogen (99.999% ultrahigh purity) was injected
at the end of the experiment using a 10 pL gastight syringe
(Hamilton, 1701N) to calibrate the m/z = 2 signal for calculation
of the H, evolution rate and the apparent quantum yield.

To compare model predictions with these measurements, a
single optically thick slab (N = 1) was modeled with calibrated
input parameters. The total absorptance, A, Was fixed at
99% (eqn (4)), which is reasonable based on the near-zero
transmittance measured for the suspension at an incident
wavelength of 405 nm. Incident photon flux was varied from
11-130 mW cm ™2 based on a 1 cm” projected area for the laser
power source in the experimental set up. Based on these
parameters, the short-circuit current density (eqn (S2), ESIY)
ranges from 36-424 A m~ >, Limiting current density for metha-
nol oxidation (j;gs ) is on the order of 100 A m 2, based on: (i)
a conservatively assumed diffusion boundary layer thickness of
100 um in particle suspensions, where the mixing is expected to
be somewhat ineffective even with stirring because of the small
reactor volumes, (ii) a methanol concentration of 2.5 M, (iii) 2
holes per mole of methanol being oxidized, and (iv) a bulk
diffusivity of 107'® m? s~* for methanol. All these estimates
translate to the ratio of the desired oxidation reaction
limiting current to the short-circuit current density of the
photodiode, j;gs q/jsc, ranging between 0.1-10 corresponding

8260 | Energy Environ. Sci., 2024,17, 8254-8273

to the experimental variations in the incident laser power. The
standard state potential for methanol oxidation is assumed to
be the same value modeled for Fe(m)/Fe(n) (0.77 V) as a
simplification. Additionally, for the sake of computational
tractability and conservative estimates, we model a single
optically thick slab (N = 1), however ensemble calculations
(N = 1) were performed for the smallest and the largest

incident photon fluxes.

3. Results and discussion

3.1. Influences of redox shuttle kinetics on selectivity - single
slab light absorber

With a better understanding of the three possible limiting
regimes in Fig. 3, we examined further the influence of electro-
catalytic parameters for the cases of perfectly selective
versus competing reactions for the mass-transfer-limited
regime (Fig. 4(a)) and the sunlight-absorption-limited regime
(Fig. 4(b)). When competing reactions were modeled, the
competing reactions were assumed to occur at an order-of-
magnitude smaller limiting current density as compared to the
desired redox reactions. ie., the asymmetry factors in the
limiting current densities (g;vg and g;cg) were assumed to
be 0.1.

STC efficiencies decrease when competing reaction path-
ways were modeled as compared to ideally selective reactions
(Fig. 4(a) and (b)). This illustrates the substantial driving forces
for the competing reactions for both Fe(m)/Fe(n) and H'/H,
species. Notably, when the desirable oxidation of Fe(u) at the
valence band becomes slow (e.g. due to small exchange current
density and anodic charge-transfer coefficient for the Fe(ur)/
Fe(u) reaction), the valence band more effectively oxidizes H,

This journal is © The Royal Society of Chemistry 2024
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asymmetry factors, g,ve = jiHzaljirsa = 1 X 1074, gics = lirs.clJirsa = 1 % 107% limiting current density for the desired H, evolution reaction, jipa.c/jsc =

—1000. The redox shuttle pair assumed here was Fe(m)/Fe(i). RS: redox shuttle reaction. H2: hydrogen reaction.

resulting in decreased STC efficiencies. At the slowest rates of
Fe(u) oxidation examined, H, oxidation at the valence band
occurs more rapidly than H, evolution at the conduction band,
resulting in net H, consumption and negative STC efficiencies.
Conditions in the mass-transfer-limited regime (Fig. 4(a)) illus-
trate the dramatic effect of the limiting redox shuttle oxidation
(Fe(n) — Fe(m)) rates on the STC efficiencies. While the max-
imum STC efficiency proportionally decreases with the extent of
mass-transfer limitation, i.e. jirsljsc, the overall trends with
respect to the electrocatalytic parameters are similar to those
observed for the sunlight-absorption-limited regime (Fig. 4(b)).
For large exchange current densities, irrespective of the value of

This journal is © The Royal Society of Chemistry 2024

the charge-transfer coefficient, the STC efficiency approaches
0.21% for jigsaljse = 1 x 107> (Fig. 4(a)) and 18.64% for
Jirsaljse = 1 (Fig. 4(b)). To put these values in perspective, the
STC efficiency corresponding to the scenario with ideal reaction
selectivity, and infinitely fast kinetics and mass transfer is
projected to be a maximum value of 20.79%, where the net
current density to produce H, is nearly equal to the short-circuit
current density (ie., |jcpu,| = 99.999% js). Note that this
efficiency is larger than typically reported maximum solar- to-
hydrogen conversion efficiency of ~18% for a single light
absorber, which is computed for a net water splitting reaction
to produce H, and O, with a minimum required potential of

Energy Environ. Sci., 2024,17, 8254-8273 | 8261
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1.23 V under standard conditions. In contrast, we model H,
evolution paired with Fe(u) oxidation to Fe(mn), and this has a
much smaller thermodynamic potential of 0.77 V, which results
in a larger upper limit for the solar-to-fuel efficiency.

Trends for STC efficiency with respect to electrocatalytic
parameters are generally similar whether ideally selective or
competing reactions were modeled - larger values for the redox
shuttle exchange current density, jors, and anodic charge-
transfer coefficient, o,rs, result in larger STC efficiencies for
both mass-transfer-limited and sunlight-absorption-limited
regimes ((Fig. 4(a) and (b)). This is because of the associated
decrease in the kinetic overpotentials for the desirable Fe(u)
oxidation at the valence band. However, when competing
reactions are considered, select values of o,rs result in an
optimal exchange current density that maximizes STC efficien-
cies. This is because of the balance between the gains from the
increased rates of the desired redox shuttle reactions (Fe(u)
oxidation) with the losses from the undesired redox shuttle
reactions (Fe(ur) reduction).

The trends in reaction selectivity in Fig. 4(c) and (d) at the
conduction and valence bands help further explain trends in
STC efficiency when competing reactions were modeled in the
sunlight-absorption-limited regime (Fig. 4(b)). Selectivity trends
are similar for the mass-transfer-limited regime (Fig. 4(a), and
hence not shown. For small values of j, rs and o, rs €xamined,
selectivity towards both the desired Fe(u) redox shuttle oxida-
tion and H, evolution, Sy, vs and Sy cp respectively, is small
and near-zero, which results in the low STC efficiencies
obtained under these conditions. With an increase in the
Jo,rs, selectivity toward desirable oxidation of the Fe(u) redox
shuttle increases monotonically and reaches a maximum of
~95% (Fig. 4(c)), which restricts the maximum STC efficiency
observed to 18.64% (Fig. 4(b)). The balance contribution is
from mass-transfer-limited hydrogen oxidation, which is small
in value due to the limited solubility of H, in water (0.78 mM in
equilibrium with 1 atm H, at 300 K). However, reaction
selectivity toward H, evolution, Sy, cs, exhibits different
trends, especially when o, rs < 0.7, where it initially decreases
with increasing j, rs, but subsequently increases. This trend is
explained by the combined behaviors of the RS reaction at both
the conduction and valence bands: for small j, zs values, both
RS oxidation and reduction reactions are kinetically limited
(Fig. S2(b), ESIT); as jors approaches 1 x 10°* A m?, the
competing RS reaction at the conduction band increases
whereas the desired RS oxidation at the valence band remains
kinetically limited, resulting in the decrease in Sy cs
(Fig. S2(c), ESI¥); for jors > 1 x 10~* A m~?, the RS reaction
at the conduction band becomes mass-transfer limited, but the
valence band remains kinetically limited (Fig. S2(d), ESIt).
When a,gs > 0.7 the selectivity towards H, production
decreases from 100% with an increase in jogs (Fig. 4(d)),
because of the increase in the rate of the competing Fe(i)
reduction. For large values of j, rs, selectivity for H, evolution at
the conduction band approaches the same value irrespective of
tqrs, Decause the competing reduction of the Fe(ur) species is
limited by mass transfer at this point (Fig. 3(a)).
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Overall, the STC efficiency is dictated by the product of the
reaction selectivity at the valence and conduction bands, which
leads to an optimal range of j,rs for select o, rs values; for
Oqrs = 0.99, Fig. 4(b) shows an optimal range for j, rs between
1 x 1072 -1 A m~ > Although the STC efficiency magnitudes in
Fig. 4 are dependent on many model-specific parameters, the
trends in these efficiencies are more critical and revealing of
the influences of competing redox shuttle reactions and kinetic
parameters. Fig. S3 (ESIt) shows that these trends are preserved
even when we computed an external/apparent quantum yield
(eqn (2)), which is a ratio of the flux of charge-carriers utilized
for H, production compared to an incident flux of photons on
the light absorber.

3.2. Influences of the redox shuttle reduction potential -
single slab light absorber

By fixing the kinetic parameters for the redox shuttle (j,rs =
10Am ™2, dqrs = 0.5), we illustrate the influences of considering
different redox shuttles by varying their reduction potentials,
E.qrs and correspondingly the number of electrons involved.
For example, Ecqrs = 0.77 V, 1 V and 1.23 V vs. NHE is
representative of Fe(ur)/Fe(n), I /I0;~ and H,0/0, redox shut-
tles, respectively. Moreover, the redox shuttle potential has
been previously shown to influence optimal solar-to-hydrogen
efficiencies in Z-scheme solar water splitting systems."?

Fig. 5 illustrates that the reduction potential of the redox
shuttle not only impacts the magnitudes of the STC efficiency,
but also the extent to which the asymmetry in mass-transfer
rates (gvs and g;cp) affects the performance. For all cases
(Fig. 5(a)-(c)), as the reduction potential of the redox shuttle
increases, the maximum STC efficiency decreases, with a more
significant drop from Ecqrs = 1 V to 1.23 V (Fig. 5(b) and (c)).
With the increase in E.qgrs, the operating potential shifts
towards the open-circuit potential (1.26 V, Fig. 5(d)) of the light
absorber, which decreases the operating current density and
therefore the STC efficiency. For a small enough E.qrs, as
compared to the open-circuit potential (Fig. 5(a) and (b)), the
STC efficiency generally decreases with an increase in the
asymmetry factor for redox shuttle reduction (g;cg), and levels
off when the STC efficiency becomes limited by H, oxidation at
the valence band. As expected, as the asymmetry factor for H,
oxidation, g;cp, increases, the STC efficiency monotonically
decreases. However, when E.q rg increases, an optimum exists
for both asymmetry factors, except when g;vg = 10. This is due
to the tradeoffs in the enhanced reaction rates for the desired
reactions with the increase in mass-transfer rates of competing
redox reactions. As the asymmetry factor increases, the surface
concentrations of corresponding redox species increase
(eqn (S7), ESIt), which enhances reaction rates and conse-
quently lowers the onset potential. For instance, with increas-
ing limiting current density for redox shuttle reduction (i.e.,
&i.cs), the onset potential for RS oxidation decreases by 200 mV
when g;cp increases from 1 x 10 * to 1 x 10 ' for Eeqprs =
1.23 V in Fig. 5(d). Similarly, increasing the limiting current
density for redox shuttle oxidation (i.e., g;vg) results in a shift in
the anodic potential by up to 100 mV (Fig. 5(e)). These gains in

This journal is © The Royal Society of Chemistry 2024
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pairs: (@) Eeqrs = 0.77 V (E° for Fe(m)/Fe(i)), (b) Eeqrs = 1V (E° for I7/1057), and (c) Eeqrs = 1.23 V (E° for H,O/O5). Black line indicates the maximum possible
STC efficiency when selective reactions were assumed to be operating at mass-transfer limits. (d) RS reaction curves for different assumed Eeq rs values
(solid lines for 0.77 V and dash-dotted lines for 1.23 V) as g.cg = liirs.cl/jirs.a is varied from 1 x 10~ (light green) to 10 (dark green). (e) H, reaction curves
for g, ve. =jl,H2,a/j1,RS,a varied from 1 x 10~ (light blue) to 10 (dark blue). For all plots, Jirs.alise = 1 X 1072, jors = 10 Am~—2 and oars = 0.5, and a single

optically thick light absorber with an absorptance Aot Of 0.99, an optical thickness of 4.61, and a bandgap of 1.55 eV was considered. RS: redox shuttle

reaction. H2: hydrogen reaction. For reference, 1 Am~2 = 0.1 mA cm2.

reaction rates (and lower onset potentials) bear more signifi-
cance when the redox shuttle reduction potential approaches
the open-circuit potential of the photodiode, where the operat-
ing currents are low. However, when g;vs becomes 10, STC
monotonically declines with g; s due to increased losses from
H, oxidation.

3.3. Influences of mass-transfer asymmetry in ensembles of
light absorbers

Fig. 6 predicts the performance for an ensemble of light
absorbers in the mass-transfer-limited regime (jirs alfse,nv-1 =
1 x 1072, Fig. 3(a), Fig. 4(a)), where the gains of multiple,
optically thin light absorbers (N > 1) are expected to be larger
compared to a single, optically thick light absorber (N = 1).
Fig. 6(a) and (c) illustrate the qualitative differences in intensity
profiles between these two cases, while Fig. 6(b) and (d) show
corresponding differences in the load line analyses. Because
the incident photon flux from sunlight exponentially decreases

This journal is © The Royal Society of Chemistry 2024

as per the Beer-Lambert law, the light absorbers at the bottom
become increasingly limited by the incident photon flux as the
number of light absorbers increases. Therefore, even though a
single light absorber slab (N = 1) is mass-transfer-limited
(Fig. 6(b)), as N increases, the slabs near the bottom will
become sunlight-absorption-limited (Fig. 6(d)).

Fig. 7 reveals that two distinct trends emerge for how the
ensemble influences STC efficiency dependent on the asymme-
try factor for redox shuttle reduction (g;cg). While for small
values of gicg < 1 x 102 (Fig. 7(a)), there is an optimum
number of light absorbers, for large values of g;cg > 1 x 10"
(Fig. 7(d) shows g;cp = 1), increasing the number of light
absorbers results in monotonically decreasing STC efficiencies.
For the case of gicg < 1 x 1072 (Fig. 7(a)), at the optimal
point, the multiplicative gain from positive STC efficiencies
produced per light absorber is balanced by those in the bottom
driving the competing redox shuttle reduction reactions. At
these optimal points, even though the top light absorber is

Energy Environ. Sci., 2024, 17, 8254-8273 | 8263
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(y-axis) with increasing depth from the top to the bottom of the reactor (x-axis); n € [1, N] represents the spatial position of the different light absorbers
moving from the top (n = 1) to the bottom (n = N). (b) and (d) Load-line analysis depicting a photodiode power curve (black), individual reaction load
curves (H2: hydrogen reaction in blue, RS: redox shuttle reaction in green) for (b) N = 1and (d) N > 1. Current densities for the desired redox reactions of
H, evolution and RS oxidation are shown by the filled markers, the competing reactions are shown by the open markers, and the overall operating point
of the device is indicated by black markers. Star marker indicates shift towards H, oxidation at CB for n = 3.
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Fig. 7 Solar-to-chemical efficiencies for an increasing number of light absorbers for ((a), (b),(c)) gi.cs =Jjirs.a/jirs,a = 1 X 1072 and ((d), (e), (f)) Jics = 1, with
givs = 1 x 10~* - 10. Reaction selectivity S, toward the H, evolution reaction at the conduction band ((b) and (e)) and toward redox shuttle oxidation at
the valence band ((c) and (f)) for: g;cg = 1 x 1072 with g;vg = 1 x 1074, 1 x 107 ((b) and (c)); g,ce = 1and g,vg = 1 x 107%, 1 x 1071 ((e) and (f)). Solid lines
indicate expected reactions taking place (RS and H; reduction at CB, RS and H, oxidation at VB); dotted lines indicate H, oxidation taking place at CB;
dashed lines indicate RS reduction at VB; thick dash-dot lines indicate both H, oxidation at CB and RS reduction at VB reactions taking place. For all plots,
Jirsalisen-1 =1 x 1072, jors = 10 Am~? and ¢, s = 0.5.
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mass-transfer-limited, most of the light absorbers (>75%) in
the bottom are sunlight-absorption-limited. Fig. 7(b) and (c)
further illustrate the ensemble influences on the reaction
selectivity. As the number of light absorbers increases, the
bottom light absorbers are sunlight-absorption-limited and
operate with a much smaller open-circuit potential, which
favors competing reactions. This effect is amplified when larger
radiative recombination current densities are assumed, and
results in overall smaller STC efficiencies being reached
(Fig. S1, ESIt). Together with the asymmetry factors, the smaller
open-circuit potentials influence how reaction selectivity varies
from the top to the bottom for both H, evolution, Sixncs
(Fig. 7(b)) and redox shuttle oxidation, Sy, ve (Fig. 7(c)). For
small asymmetry factors, while mass-transfer limits STC values
for a single light absorber, N = 1, reaction selectivity becomes
the limiting factor as N increases. An ensemble with N = 447 is
the optimal number of light absorbers that maximizes STC
efficiency for g;cp =1 x 10~2 and give=1X 10~*. For this case,
the H, evolution selectivity at the conduction band, S cs,
progressively decreases from the top to the bottom, as the
decrease in the open-circuit potential favors the competing
redox shuttle reduction. Because the asymmetry factor in
mass-transfer rates for H, oxidation, g;vs, is very small, redox
shuttle oxidation selectivity at the valence band, Sinvs, is
unaffected and nearly 100%. When g;vp increases from 1 x
107* to 1 x 10" (Fig. 7(a)), the optimal number of light
absorbers is N = 309. While the reaction selectivity towards
H, production, Sy cg, still monotonically decreases from the
top to the bottom, Sy, vp initially declines to a value of 0, and
then counterintuitively increases in the bottom half of the light
absorbers. This increase in Sy vp is because of the increasing
contributions from the competing redox shuttle reduction in
addition to H, oxidation at the valence band states (Fig. S4(d)-
(f) (ESIt) shows similar outcomes for N = 750). Redox shuttle
reduction translates to an increase in the selectivity, Sin vs,
because it is defined based on the magnitude of the current
density towards redox shuttle species reactions, irrespective of
whether it is oxidation or reduction (eqn (2)). Selectivity further
worsens at any location as the number of light absorbers
increases beyond the optimal value to N = 750. Fig. S4 (ESIt)
maps different points from the top to the bottom on the
selectivity plots with the load-line analyses to further illustrate
the individual reactions occurring at the valence and the
conduction bands. When there are a larger number of light
absorbers that are vertically stacked, the light absorbers at the
very bottom are so severely sunlight-absorption limited that a
complete reversal happens with only undesired redox reactions
taking place at both the valence and conduction bands. Fig.
S4(f), ESIT shows that for the very last light absorber (i.e., n =
750), the net reaction is H, oxidation simultaneous with redox
shuttle reduction on the photocatalyst.

When the asymmetry factor in mass-transfer rates for redox
shuttle reduction increases, g;cg > 1 X 10", the STC efficiency
decreases with increasing number of light absorbers even for
the lowest g;vg modeled (Fig. 7(d)). Selectivity trends depicted
in Fig. 7(e) and (f) provide further insights indicating that
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largely H, oxidation occurs at the conduction band at all spatial
positions. Similar to Fig. 7(c), redox shuttle reduction also
becomes a competing reaction at the valence band for the light
absorbers in the bottom half of the reactor (Fig. 7(f)). This
amplified extent of H, oxidation, balanced by redox shuttle
reduction, occurring at both the valence and conduction bands,
results in increasingly large negative STC efficiencies as the
number of light absorbers increases in the ensemble.

Fig. 7 considered effects of the relative rates of mass-transfer
for the desired and undesired redox reactions, but with fixed
kinetic parameters for the H2 and the RS species (H2: jou, =
10 Am™?and o, 1y = %1y = 1; redox shuttle: j, gs =10 Am ™2 and
ogrs = 0.5). These baseline values are selected based on
commonly reported exchange current densities and charge-
transfer coefficients for these reactions. In this mass-transfer-
limited regime, if the kinetic parameters were varied, similar to
that in Fig. 4 for the single slab, we still expect the trends to
remain intact for the dependence of STC efficiency on the
number of light absorbers, however magnitudes and the opti-
mal points will shift. These parametric explorations with the
ensemble can also be conducted for the scenario where the
topmost light absorber is not mass-transfer-limited but opera-
tive in the sunlight-absorption-limited regime with j; rs a/jsc,n=1
> 1 (Fig. 10). Under these conditions, the trends of the STC
with respect to the number of light absorbers could be differ-
ent, and the effects of the asymmetry parameters for mass-
transfer are expected to be more subdued. While outside the
scope of the current study, to quantitatively identify decisive
factors for selectivity at the ensemble level, more extensive
parametric explorations and sensitivity analyses should be
performed.

Fig. 8(a) and (b) compile optimal STC efficiencies and the
corresponding number of light absorbers as a function of
asymmetry factors in mass-transfer rates for redox shuttle
reduction and H, oxidation (g;cs and g;yvs). For the specific
kinetic parameters modeled, asymmetry factors larger than 1 x
10~? substantially penalize the STC efficiencies as the compet-
ing redox shuttle reduction and H, oxidation dominate over the
desired reactions. For any value of g;vg, when g;cg = 1, all STC
efficiencies converge to 0 because all light absorbers are imple-
menting equal mass-transfer limited rates of the desired redox
shuttle oxidation and redox shuttle reduction. Generally, the
STC efficiency is strongly influenced by the greater of the two
asymmetry factors, which has implications that it is equally
important to develop strategies to restrict mass transfer of both
H, and the oxidized redox shuttle species (Fe(u) in this case) to
the reaction sites. As the asymmetry factors increase, the
optimal number of light absorbers to maximize efficiency
rapidly decreases to N = 1, indicating that all light absorbers
other than the first are implementing H, oxidation more than
H, evolution. For the smallest asymmetry factor modeled for
the limiting current density of H, oxidation (g;vg =1 x 10~ %), a
notable change in the optimal number of light absorbers
occurs, from 900 to 447, when g;cp increases from 1 x 10~*
to 1 x 10> This is because such a small asymmetry factor in
mass-transfer rates for redox shuttle reduction, g;cg =1 x 10~ %,
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facilitates continued operation within the mass-transfer-
limited regime, such that the benefits from additional light
absorbers still occurs even at N = 900.

3.4. Implications of model predictions and comparisons with
measurements

Our results and interpretations of the optimal effect of the
number of light absorbers are broadly relevant for nano- and
micro-scale individual and ensembles of photocatalysts, includ-
ing particle-suspension reactors,'>*” photocatalytic sheets of
particles’**> and other structured ensemble systems such as
nanowire arrays.®>®® Analogous to the ensembles of planar
slabs considered in this study, where each absorber is subject
to different short-circuit and operating current densities
(Fig. 6), every particle in a particle-suspension reactor will yield
different rates of desired and undesired chemical reactions,
even notwithstanding transport effects, depending upon its
spatial position, size, and distribution in the reactor.

The absorptance dependence on the optical thickness for
individual and ensembles can be defined specific to the system.
For instance, the absorptance-optical thickness relationship for
a homogeneous suspension of small, non-scattering particles is
given by eqn (4) and (5),">”°

Atotal = Asuspension =1- eXp(_Tsuspension) (4)

upCyp

L )

Tsuspension = Oleff L =

Pp
where, o, is the effective absorption coefficient of all particles
present in the suspension, and L is the path length through
which the incident light travels. o.¢ depends on the absorption
coefficient of an individual particle, «p, that is material-specific,
wavelength and size dependent, and the ratio, Cp/p, is the
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(a) Maximum solar-to-chemical (STC) efficiencies and (b) corresponding number of light absorbers as a function of asymmetry factors in limiting
current density for redox shuttle reduction, g,cg and H, oxidation, g;ys. For all plots, jirsaljsen-1 = 1 x 1072, Jors = 10 A m=2,

sars = 0.5 jonz =

number of particles per unit volume of the suspension, with C,
being the mass concentration of the particles in mg mL™*, and
pp being the bulk density of the material in g cm 3.

In our current study, the total absorptance was fixed at 99%
irrespective of the number of planar slabs in the ensemble.
When the number of light absorbers is larger than 1 (N > 1),
improved and better load matching occurs, especially in the
mass-transfer limited regime, to yield better performance from
multiplicative gains. For particle-suspensions with a fixed total
suspension absorptance (eqn (5)), this effect can analogously
arise from: (i) an optimal particle diameter and/or (ii) a spatially
varying particle concentration distribution that optimizes the
solar-to-chemical efficiency. However, there could be convo-
luted effects at the ensemble-scale especially when the particle
size is considered as a design variable. The internal quantum
yields, dictated by charge-separation efficiencies at the indivi-
dual particle-scale,”” and aggregation of particles in a suspen-
sion are both strongly particle-size dependent,®”*® and could
dominate performance in a real suspension reactor.

To further illustrate the applicability of the models devel-
oped, we apply and compare model predictions to both pre-
viously reported and new experimental data to interpret trends
in H, evolution rates and efficiencies (apparent quantum yield)
with (a) varying particle concentration and (b) incident photon
flux. In recent work, Lin et al. experimentally demonstrated that
with a C,0;/Pt/IrO,/Sm,Ti,05S, photocatalyst, increasing load-
ings resulted in an optimal H, evolution rate of 1.333 g L .53 In
our models varying particle concentration translates to varying
the total absorptance of the suspension (eqn (4) and (5)). This
approach is applied to predict photocatalytic H, production in
the presence of a redox shuttle as a function of the total
absorptance for Aoea = 50%, 75% and 99%.
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Fig. 9 shows that a maximum solar-to-chemical efficiency is
obtained for a total ensemble absorptance of 75%. This is
somewhat analogous to an optimal particle concentration that
maximizes solar-to-chemical efficiency in the experimental
data. At a total suspension absorptance of Aoy = 50%, repre-
senting a low concentration of particles in the solution, the
solar-to-chemical efficiencies are relatively lower even with high
selectivity values (Fig. 9(b) and (c)) because the desired reaction
rates are limited by the absorption of incident photons. How-
ever, for the highest absorptance modeled of A = 99%,
indicative of a large concentration of particles, the solar-to-
chemical efficiencies are limited by the reaction selectivity
(Fig. 9(b) and (c)). For this case, even though the particles in
the upper quartile (normalized position <0.25) of the reactor
are driving H, evolution at the largest current densities of the
three cases modeled (Fig. 9(d)), and operate with high selectiv-
ity (Fig. 9(b) and (c)), the particles in the lower quartile of the
reactor (normalized position >0.75) paint a different picture.
Specifically, the change in the selectivity slopes (Fig. 9(b) and
(c)) is due to the complete reversal of redox reactions taking

View Article Online
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place at both the conduction and valence bands - ie., H,
oxidation and redox shuttle reduction occur at the conduction
band, whereas redox shuttle reduction and H, oxidation occur
at the valence band. This reversal occurs because the absorbers
at the bottom are severely light-limited, resulting in very low
open-circuit and operating potentials, leading to competing,
thermodynamically downhill reactions instead of the desired
chemical reactions. The shaded areas in Fig. 9(e) and (f)
indicate normalized depths within the suspension reactor,
where the desired reactions reach current densities smaller
than the competing reactions, and this occurs only for the
highest absorptance of A1 = 99%.

Overall, an absorptance of 75% and equivalently, an optimal
particle concentration best balances the efficiency of light
absorption and the reaction selectivity, resulting in an optimal
efficiency. An underlying assumption is that the suspension
operates at the optimal efficiency at any absorptance modeled,
which need not be the case. While reflection losses due to
scattering by particle agglomerates can also increase with an
increase in the particle concentration, our model predictions
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A

(a) Solar-to-chemical efficiencies for an increasing number of light absorbers for different total absorptance values (99%, 75%, and 50%). Reaction

selectivity Sixn toward the (b) H, evolution reaction at the conduction band and the (c) redox shuttle oxidation at the valence band. Solid lines indicate
expected reactions taking place (RS and H, reduction at the CB, RS and H, oxidation at the VB); dotted lines indicate H, oxidation taking place at the CB;
dashed lines indicate RS reduction at the VB; thick dash-dotted lines indicate both H, oxidation at the CB and RS reduction at the VB taking place.
Position-dependence for different total absorptance values for (d) short-circuit current density, (e) current density towards H, reactions at conduction
and valence bands, (f) current density towards RS reactions at conduction and valence bands. Solid lines indicate desired reactions, dotted lines indicate
competing reactions, and shaded region indicates that the competing reaction is dominating. For all plots, jirs.a/jsen-1 = 1 X 1072, gicg = litrs.cl/iirs.a = 1 X
107 g =1 x 107, jors = 10 Am ™2 and o, ps = 0.5.
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show that the spatial distribution of photocurrents within the
reactor volume will also significantly influence reaction selec-
tivity and performance. Therefore, having the ability to tune,
both the magnitude and the spatial distribution of photon
absorption in a photocatalytic reactor will be useful towards
performance optimization.

Fig. 10 shows that model predictions qualitatively compare
well with experimental measurements. The incident photon
flux was varied in a suspension of Ir-doped SrTiO; particles for
H, evolution in the presence of 10 v/v% CH3;OH, which acts as a
hole scavenger. Fig. 10(b) shows that experimentally, while the
measured H, production rate increases with the input power, it
is not a proportional rise. Therefore, there is a monotonically
decreasing trend of the measured apparent quantum yield
(AQY), which is indicative of performance limitations arising
from factors other than light absorption. Fig. 10(c) shows
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model predictions for the H, production rates and the apparent
quantum yields with calibrated input parameters for the experi-
mental measurements (Section 2.6). As the incident flux of
photons increases, the H, production rate initially increases,
but levels-off thereafter due to increasingly mass-transfer-
limited CH3;OH oxidation. Correspondingly, the AQY also
monotonically decreases and is qualitatively consistent with
the experimental data after a threshold incident flux of
30 mW cm ™% Even though the absolute magnitudes for the
predictions are significantly larger than the experimentally
measured performance, the qualitative trends are the same.
Fig. 10(d) shows that the reaction selectivity at both the con-
duction and valence bands initially increases with the incident
photon flux but plateaus when the desired reaction rates
transition from light absorption to mass transport limitations.
At the low incident photon flux, reaction selectivity is negatively

(b)
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Fig. 10 Qualitative comparisons between experimental measurements ((a) and (b)) and model predictions ((c) and (d)) for a photocatalytic suspension
reactor. (a) Schematic of the experimental setup to measure H, evolution from an irradiated nanoparticle suspension comprising of 2 mg mL™? of Ir-
doped SrTiOz loaded with the Ir cocatalyst in 10 v/v% CH3zOH solution with experimentally measured (b) H, production rate and the apparent quantum
yield (AQY) percentage as a function of irradiance on the photocatalytic suspension. Standard deviations obtained from the mean of 2 experimental trials
at any incident irradiance (except for 11 mW cm™2) are shown. Model predictions for (c) H, production rate and AQY percentage as a function of the
incident photon flux for a single slab modeled to represent the photocatalytic suspension reactor and (d) reaction selectivity for the H, evolution reaction
at the conduction band, Sy« cs (solid markers) and toward methanol oxidation at the valence band, Sixnve (empty markers). Gray shaded areas indicate
sunlight-absorption-limited operation. For both (c) and (d), N = 1, jirsa = 100 Am ™2, gicg = givs = [1 x 1072, 1 x 107, 5 x 1071, Eeqrs = 0.7V, jors =
10 Am~2and o,ps = 0.5.
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influenced due to the reduced operating potentials from the
limited light absorption. Calculations performed with an
ensemble of optically thin slabs (N > 1) also predict that the
optimal AQY decreases from the smallest (11 mW cm ™ ?) to the
largest (130 mW cm™?) incident flux modeled, although the
extent of reduction with incident flux is smaller than in Fig. 10
with N = 1. At the smallest incident flux, the photocatalytic
suspension is light-absorption-limited (Fig. 3(b)), and therefore
N =1 leads to the maximum AQY value. Whereas, for fluxes
larger than 30 mW cm™?, mass-transfer limitations become
more dominant (Fig. 3(a)), where cases with N > 1 will lead to
higher efficiencies and AQY values (similar to Fig. 7 and Fig. 9)
than the N =1 case.

Similar to Fig. 7 and 8, as the asymmetry factors - g;vg and
gics — modeled for mass-transfer limited reaction rates
increase, the performance decreases. Although there can be
uncertainty in what the specific values are for these asymmetry
factors, for the concerned experiments, the mass-transfer-
limited rates of the competing reactions, and therefore the
asymmetry factors, at both the conduction and valence bands
are expected to be small. This is because, unlike a reversible
redox shuttle such as Fe(m)/Fe(u), methanol is a hole scavenger
that will more selectively oxidize, and H, oxidation rates
are limited by the small concentration of the dissolved
H, (~1 mM). Therefore, a dominant factor attributed to the
discrepancy between the measured and the predicted AQY
magnitudes is likely from the assumptions of idealized photo-
diode behavior, and perfect charge-separation of the generated
carriers. Consistent with this expectation, in our recent work,
Zutter et al. demonstrate severe penalties in charge-carrier
separation quantum yields for Rh-doped SrTiO; photocatalytic
particles.””

Overall, Fig. 9 and 10 reinforce the value of applying a
simple, tractable circuit-based model to help interpret and
explain experimental data by interrogating the effects of many
materials, thermodynamic, kinetic, and reactor design/opera-
tion parameters. These results illustrate that to fully reap the
benefits of an ensemble of optically thin photo absorbers, the
incident light profile on every absorber needs to be tuned to
best match the electrochemical loads dictated by kinetics and
mass-transfer rates. The idealizing assumptions made in the
detailed balance formulation and assuming perfect charge-
separation make it challenging to directly compare predictions
against measurements, but provide powerful guidelines and
capabilities to identify and isolate key parameters that influ-
ence performance.

3.5. Perspectives and insights to increase photocatalytic solar-
to-chemical efficiency

A main finding from our study is that altering the relative mass
transfer rates of competing redox species can boost reaction
selectivity even with symmetric kinetic parameters for electro-
catalysis (ie., o, = o) for reversible reactions. When the
products of the desired reactions (e.g., dissolved H, and oxi-
dized redox shuttle species in this study) have significantly
smaller mass-transfer rates compared to the reactants, they

This journal is © The Royal Society of Chemistry 2024
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result in smaller mass-transfer asymmetry factors - g;vp and
g1,ce- This asymmetry depends on many factors that influence
mass-transfer-limited current densities of the reactant and
product species, including: (i) concentrations in the bulk
solution, (ii) diffusivity, and (iii) the transport/mixing condi-
tions. This improves STC efficiencies should especially for
ensembles of photocatalysts that are otherwise limited to low
efficiencies per light absorber (Fig. 7(a)). Notably, the optimal
efficiency achieved with ensembles of light absorbers with low
enough mass-transfer asymmetry factors (g,vg < 1 x 10~ and
Zivs < 1 x 107?) nearly matches the maximum efficiency
predicted assuming ideally selective reactions and infinitely
fast kinetics and mass transfer with a single, optically thick,
light absorber (Fig. 4(b)). Therefore, we demonstrate that the
design and development of functional interfaces to selectively
tune and control species mass transfer to reaction sites, such
that competing reactions are minimized, can play an outsized
role to enhance STC efficiencies in photocatalytic systems.
While this feature has been experimentally demonstrated in
prior work with selectively permeable and thin oxide coatings
in electrocatalysis®*' and photocatalysis,”>°* our study quan-
titatively demonstrates the influences of mass-transfer asym-
metry on efficiency and selectivity. These predictions are
well-suited to be combined with measured or simulated
structure-function-property relationships for selective coatings
to develop guidelines for designing coatings that optimize the
STC efficiencies of photocatalytic systems.®**

Additionally, from a reactor design and operation stand-
point, mass-transfer asymmetry can be achieved more effec-
tively with flow as compared to static/batch reactors. Transport
asymmetry can also arise from having gaseous products, e.g.,
H, and O,, that are sparingly soluble in water, which can
bubble out of that solution and away from reaction sites,
precluding back reactions. Redox reactions with the soluble
and reversible redox shuttles will not have this advantage. In
flow reactors, reactants are continuously delivered simulta-
neous with the product species being swept away from reaction
sites, which can intrinsically introduce mass-transfer asymme-
try in the desired direction. In contrast, for batch reactors the
product species accumulates over time, leading to higher rates
of (electro)chemical recombination of the product(s) formed.
For instance, in the recently reported photocatalytic co-
production of H, and O, with an impressively large 9% solar-
to-hydrogen efficiency,’® periodic degassing/vacuuming was
performed during stability tests over many cycles to prevent
recombination of the H, and O, formed.®” While flow systems
are widely used in electrolyzers, fuel cells, and photoelectro-
chemical systems, they are much less common in photocata-
lysis for H, production. Future research should consider and
further investigate this design question to quantitatively assess
tradeoffs between efficiency and parasitic energy costs for
pumping.

Our Fig. 8 predictions underscore the potential for avoiding
significant efficiency and selectivity penalties when mass-
transfer asymmetry factors are smaller than 1 x 10~>. Notably,
considerable improvements are projected even with a tenfold
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reduction from symmetric mass-transfer rates particularly for
the redox shuttle. While the redox shuttle conveniently physi-
cally separates the H, and O, production sites, the onus
of performance is in-part transferred to engineering and opti-
mizing mass transfer. This points to the need for further
research focusing on developing and testing functional
interfaces capable of tuning species transport to and from
photocatalytic reaction sites. Overall, to unlock the next frontier
of efficiency gains in photocatalytic H, production, mass-
transfer considerations are critical, together with optical/
band-gap engineering, materials stability, and reactor-scale
design/testing.

4. Conclusion

We have developed and adapted a powerful, yet simple,
equivalent-circuit modeling framework for photocatalytic and
(photo)electrochemical systems with multiple light absorbers
with unique capabilities to model competing redox reactions
and mass-transfer limitations. Notably, we predict reaction
selectivity by performing load-line analyses of a photodiode
power curve with the incorporation of a net electrochemical
load curve that accounts for both the desired and the compet-
ing redox reactions. These electrochemical load curves account
for not only kinetic but also mass-transfer overpotentials,
which enables us to draw insights on the influences of different
operating regimes limited by sunlight absorption, redox species
mass-transfer, and electrochemical kinetics. This model is
applied to evaluate the performance of a narrow bandgap
(1.55 eV) photocatalyst — Ir-doped SrTiO; - that evolves hydro-
gen together with oxidation of an aqueous redox shuttle for
applications like Z-scheme solar water splitting with particulate
photocatalysts. Models are developed to predict the solar-to-
chemical efficiencies of a single, optically thick and an ensem-
ble of optically thin light absorbers, with physical interpreta-
tions and insights to maximize reaction selectivity and
efficiency.

For a single, optically thick light absorber evolving hydrogen
with oxidation of Fe(u) salt, larger solar-to-chemical efficiencies
are predicted in the sunlight-absorption-limited regime, with
optimal exchange current densities and asymmetric charge-
transfer coefficients. The relative difference in the predicted
efficiencies with and without modeling the competing redox
reactions can be large, highlighting the need to account for
undesired redox reactions, which includes hydrogen oxidation
and Fe(w) reduction. When mass transfer becomes more limit-
ing than the light absorption, the solar-to-chemical efficiency
scales proportional with the limiting current densities of the
desired reactions. Different redox shuttles (Fe(in)/Fe(u), I /IO3~
and H,0/0,) were modeled with the H,-evolving photocatalyst
to demonstrate that the maximum attainable solar-to-chemical
efficiencies generally decrease with increasing reduction poten-
tials. For small redox shuttle reduction potentials, the efficiency
monotonically decreases with an increase in the mass-transfer
asymmetry factor, which compares the mass-transfer rates of
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the undesired to those of the desired reactions. However,
this trend changes as the redox shuttle potential becomes
more comparable to the open circuit potential of the photo-
diode (e.g., H,0/0,). Optimal mass-transfer asymmetry factors
balance increased rates of the desired reactions with the
increased surface concentrations for the competing redox
reactions.

For an ensemble comprising of multiple, semi-transparent,
and optically thin light absorbers, model predictions reveal
their potential to outperform a single, optically thick light
absorber, only when operated in mass-transfer-limited regime.
However, to reap these projected benefits that stem from
multiplicative gains from the different light absorbers, it is
critical to minimize limiting currents of the undesired redox
reactions as compared to the desired redox reactions. When the
mass-transfer rates of the reactants for the competing redox
reactions are 100-fold smaller than the desired reactions, ie.,
mass-transfer asymmetry factors that are less than 1 x 1072, an
optimum number of planar slabs of light absorbers maximize
efficiency. Even under these optimal conditions, a large fraction
of the light absorbers in the bottom are driving competing
reactions. When the mass-transfer-limited rates of the
competing redox reactions match or become larger than the
desired reaction rates, H, oxidation predominates at both the
valence and conduction band states. This translates to worse
performance with every additional light absorber in the
ensemble.

A unique finding from this study is that even with perfectly
symmetric kinetic driving forces for the desired and the com-
peting reactions, tuning the asymmetry in the limiting current
densities of desired and competing redox reactions can achieve
similar outcomes as having a single, optically thick, ideal light
absorber with rapid mass-transfer and ideally selective kinetics.
This discovery reveals that achieving selectivity need not solely
depend on surface kinetics, and that manipulating redox
species mass-transfer, for example with selective coatings, can
help achieve reaction selectivity. Even a tenfold reduction in the
mass-transfer rates of the competing reactions of the redox
shuttle is projected to lead to significant performance benefits.
The model developed is computationally tractable to explore
the influences of various thermodynamic, kinetic and transport
parameters, and the results have been further interpreted with
experimental data in suspension reactors to provide important
insights and guidance to advance next generation photocata-
lysts, selective coatings, and reactor designs.
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