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Nomenclature
Symbols

A absorptance, dimensionless

A, area of the light absorber, m?

c speed of light, 3 x 108 m s

C mass concentration of particles, mg mL!

Epg bandgap of photodiode, 1.55 eV

Eeq Nernst potential for redox reaction, V vs NHE

F Faraday constant, 96500 C mol*

Aglq: standard Gibbs free energy difference associated with a redox reaction
pair, kJ mol*!

h Planck constant, 6.62607004 x 10~3* m? kg s

j current density, A m?

Jo exchange current density, A m

kg Boltzmann constant, 1.380649 x 1072 J K1

n spatial position of light absorbers with respect to the top of the ensemble
of light absorbers, dimensionless

n, number of electrons, dimensionless

N number of light absorbers, dimensionless

e elementary charge, 1.60217662 x 101° C

R gas constant, 8.314 J mol* K1

Sexn reaction selectivity at each photodiode band, dimensionless

T ambient temperature of the system and surroundings, 298.15 K

Vop operating potential of the photodiode, V

|78 open-circuit potential of the photodiode, V

Greek

a charge-transfer coefficient, dimensionless

n overpotential, V

) photon frequency, s
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v stoichiometric coefficient for reactions, dimensionless
p bulk density of material, g cm3
T optical thickness, dimensionless
Psolar frequency-dependent incident photon flux, st m
Subscripts
a pertinent to the anodic reaction
b pertinent to the semiconductor conduction or valence band b
bg pertinent to the bandgap
c pertinent to the cathodic reaction
CB pertinent to the conduction band
eff effective
H2 pertinent to the hydrogen evolution reaction
i pertinent to species i
k pertinent to reaction k
kin pertinent to the kinetic overpotential
I pertinent to the limiting current density
mt pertinent to the mass-transfer overpotential
n pertinent to the nt" light absorber
0 pertinent to the oxidized species
op pertinent to the operating point of the system
p pertinent to particle (material, wavelength, and size-dependent properties)
T pertinent to the equilibrium radiative recombination current density
R pertinent to the reduced species
RS pertinent to the redox shuttle reaction
sc pertinent to the short-circuit photocurrent density
suspension  suspension
total total
VB pertinent to the valence band
Other
AML15 air mass 1.5 reference spectrum for terrestrial solar insolation
H2 hydrogen reaction
NHE Normal Hydrogen Electrode, used as a reference
RS pertinent to the redox shuttle reaction
STC solar-to-chemical efficiency



Photodiode modeling for short-circuit and recombination current densities.

The photodiode behavior for any slab, n < N, was modeled using the following equation:
L , qeV S1
J = Jsen — Jrr (exp (k; T) - 1) ( )

where, js.n is the short-circuit photocurrent density of the n' light absorber, j.. is the equilibrium
radiative recombination current density, g, is the elementary charge, V is the operating potential,
kg is the Boltzmann constant, and T is the temperature. Light absorption per slab, and thus
resulting absorptance and incident photon flux for the next slab, is obtained from the Beer-
Bouguer-Lambert law,* which dictates jg .,
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absorptance per slab Ubg
position dependent incident flux

where vy = Eyg / kg T is the photon frequency based on the bandgap, Eyg, of the photodiode,
Polar 1S the incident photon flux, 7., IS the total non-dimensional optical thickness, N is the total
number of light absorbers modeled, and n € [1, N] represents the spatial position of the different
light absorbers moving from the top to the bottom for n = 1 to n = N. The total absorptance, Aotal,
was set equal to 0.99, irrespective of the number of light absorbers, which leads to a total optical
thickness defined by the following equation:

Ttotal = — 11’1(1 - Atotal) = 4.61 (83)
For the case with multiple light absorbers, i.e., N > 1, the optical thickness of an individual light
absorber/slab, z, is,

(S2)

_ Ttotal (S4)
N

The baseline value of equilibrium radiative recombination current density, j.., used for most of
our calculations (Figures 4-8) is obtained based on: the thermal emission from both top and bottom
surfaces of a planar slab light absorber at T to the surroundings; considering re-absorption of
emitted photons inside the planar slabs with the same per-slab optical absorptance that was used
in Eg. S2; being consistent with the Shockley-Queisser detailed balance model.?
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top and bottom Ubg kT — 1
emission
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where, c is the speed of light in vacuum and h is the Planck constant.

Based on Eg. (S2), as the number of light absorbers increases from the case of a single light
absorber (N = 1) to multiple light absorbers (N > 1), the short-circuit photocurrent produced per
light absorber, js.,, decreases, even though the total absorptance, Au, Of the ensemble is
constant at 0.99. Similarly, the radiative recombination current density in Eq. (S5) decreases per
light absorber from a single to multiple light absorbers. Because the open-circuit potential depends
on the logarithm of the ratio of the short-circuit photocurrent to the equilibrium recombination
currents, it does not change significantly from light absorber to light absorber whether we have
one or many light absorbers i.e. for 900 light absorbers, the V. decreases by less than 10% from



n =1to n = 1000. Thus, if a fixed V,, was implemented instead, the studied trends should still
hold, even if the magnitude and optimal number of light absorbers might shift. A fixed V. would
result from assuming inter-absorber photon recycling, which has been comprehensively
implemented in other work.®4

To further probe influences of recombination rates on the predicted behavior, especially with
multiple light absorbers, we also performed analyses with other modeled values (Figure S1)
including:
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e amaximum limit for the equilibrium radiative recombination current density, ji. max, based on
assuming homogenous emission and no attenuation/absorption of radiative intensity within the
volume of the semiconductor slab. This leads to a scaling factor that is just the optical thickness
of individual light absorbers, T, / N, instead of scaling with the absorptance term as in Eq.
(35)5,6,7

e recombination currents that are significantly larger than equilibrium radiative recombination
currents by several orders of magnitude to emulate physical scenarios where other mechanisms
for recombination occur in parallel and are often more dominant that radiative recombination
alone, such as trap-assisted recombination.%1° For these cases, we modeled j,. = Cj.. Where
C =10, 100, and 1000.
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Figure S1: (a) STC efficiencies for an increasing number of light absorbers for different j,.. assumptions. (b) Open-
circuit potential with respect to light absorber number when N = 900. The additional limiting current densities
assumed were: gyvg = Jjiuza / jursa = 1€-2, gice = liirscl / jirsa = 1€-2, and jiuz o / jsc = -1000. The redox
shuttle pair was assumed to be Fe(l11)/Fe(11) with redox kinetics parameters of j,rs = 10 A m? and &, s = 0.5.
RS: redox shuttle reaction. H2: hydrogen reaction. For reference, 1 A m2=0.1 mA cm?,



Mass-transfer-limited Butler-Volmer kinetics modeling
Mass-transfer-limited Butler-Volmer Kkinetics is modeled using:
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Where, j is the current density, j, is the exchange current density, j, ., are the parametrized anodic
(a) and cathodic (c) limiting current densities, vg  are the stoichiometric coefficient magnitudes
for the reduction (R) and oxidation (0) reactions, a.,, are the charge transfer coefficients, n, is
the number of electrons, ny;, is the kinetic overpotential, R is the gas constant, T is the temperature,
and F is the Faraday constant. The scaling terms for the exchange current density in this equation
represent the surface concentrations of the reduced and the oxidized species, Csr and Cs,, Which
are interdependent on the operating and limiting current densities. The concentrations were
assumed to be fixed at the electrode/electrolyte interface such that the depletion/accumulation of
participating species are not updated as the reactions take place.

Governing equalities

The governing current density equality for the operating current density j,,, of the photodiode is:
Jop = JvBRrs + Jveuz = —(UcBRrs + jcBH2) (S8)
The governing potential equality for operating potential ;,;, of the photodiode is as follows, where
Vyg and Vg are the potentials at which the desired and the competing redox reactions occur at the
valence and conduction band states.
Vop = Vv — VB (S9)



Influences of redox shuttle kinetic parameters for N = 1

Sunlight-absorption-limited and

(a) 100 = redox-kinetics-limited
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Figure S2: (a) Selectivity (S,n) toward the desired redox reaction (when competing reactions are implemented) for
Jirs,a/jsc = 1 at the conduction band (CB) (Figure 4(d)). Load-line analysis depicting photodiode power curve
(black), individual reaction load curves (H2: hydrogen reaction in blue, RS: redox shuttle reaction in green), for
aars = 0.5 and (b) jors = 1e-5 Am?, () jors = 1le-4 Am?, and (d) jors = 1e-2 A m?. The light absorber was
assumed to be optically thick with an absorptance A of 0.99 with a bandgap of 1.55 eV. Other limiting current
densities for the competing reactions assumed were based on asymmetry factors, g, vg = jinz.a / jirs,e = 18-1, gic
= |jirscl / jirs,a = 1€-1; limiting current density for the desired H2 evolution reaction, j; y, . / jsc = -1000; and
Jirs,a/Jse = 1. The redox shuttle pair assumed here was Fe(lIl)/Fe(ll). RS: redox shuttle reaction. H2: hydrogen
reaction.
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Figure S3: Apparent quantum yield for j; rs 4 / jsc = 1 for selective reactions (dashed lines) and with inclusion of
competing reactions (solid lines). A single optically thick (absorptance A of 0.99) light absorber was modeled,
N =1 with a bandgap of 1.55 eV. The additional limiting current densities assumed were: g,yvg = jiuz2.a / Jirs,a =
le-1, gic = ljirscl ! jirs,q = 1€-1, andj, o ¢ / jsc = -1000. The redox shuttle pair was assumed to be Fe(lI1)/Fe(ll).
RS: redox shuttle reaction. H2: hydrogen reaction. For reference, 10° A m2 = 10" mA cm™.
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Figure S4: (a) Reaction selectivity S,,, towards the H2 reduction at the conduction band for g, cg = 1e-2 with g, vp
= le-4 and different N values. Solid lines indicate desired reactions taking place; dotted lines indicate H, oxidation
taking place at CB; dashed lines show RS reduction at VB; thick dash-dot lines indicate both undesired reactions
(H2 oxidation and RS reduction) taking place. Load-line analysis depicting photodiode power curve (black),
individual reaction load curves (H2: hydrogen reaction in blue, RS: redox shuttle reaction in green), for (@) n =1
of 750, (b) n = 250 of 750, (c) n = 500 of 750, (d) n = 672 of 750, and (b) n = 750 of 750. Undesired reactions (H
oxidation and RS reduction) indicated by the empty markers. For all plots, the light absorber was assumed to be
optically thick with an absorptance A of 0.99 with a bandgap of 1.55 eV. Other limiting current densities for the
competing reactions assumed were based on asymmetry factors, g;vs = jiuza / jirsa = 1€-4, gic = ljirscl /
Jirs,a = 1€-2; limiting current density for the desired H2 evolution reaction, j; g, - / jsc = -1000; and j; rs ¢ /jsc =
1le-2. The redox shuttle pair assumed here was Fe(I11)/Fe(11) with j, rs = 10 Am?and a, gs = 0.5. RS: redox shuttle
reaction. H2: hydrogen reaction. CB: conduction band. VB: valence band.



Table S1: Assumed constants and model parameters

Parameter Value
Semiconductor and optical properties
Bandgap Eyp (eV) 1.55
Short-circuit photocurrent density j,. (A m?) for N = 270
équilibrium radiative recombination current density using Eq. (S5) using Eqg. (S6)
Jjer (A m?) 1.24e-19 5.79e-19
Reaction Kinetics
Reaction k RS H2
Standard reduction potential E¢q (V vs NHE) 0.77,1,1.23 0
Reference exchange current density jo ;. (A m?) le-5—1e3 o
Anodic charge transfer coefficient a, x 0.01-0.99 1% 5612
Electrons exchanged n, 1,6,2 2
Limiting current density ratios
JirsalJse le-2,1
lirscl/ jiRrs.a le-4-10
Juuza ! Jirsa le-4-10
izl ! Jse 1000

*The charge-transfer coefficients for H2 were assumed to be equal to 1. In the literature, Pt in
acidic conditions has been thoroughly studied and is known to have a Tafel slope that is dependent
on the applied potential, ranging from 30 mV dec! at low overpotentials (corresponding to «, =
2) to 120 mV dec? at high overpotentials (corresponding to a, = 0.5). Because this potential
dependence was not implemented in our present calculations, and the current—overpotential
relationship does not vary significantly when a, 4, > 1, a, g, = 1 was assumed for all cases studied
such that perfect theoretical symmetry (g y, + acpz = 1. = 2) was always respected. Conway
and Bai have also experimentally reported a, y;, ~ 1 for a Pt catalyst using rotating disk electrode
measurements.’’
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