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S$1. Modelling approach

Figure S1 shows the modeling flow used for the 0D model of the two-particle photocatalytic water splitting
device. We calculate the current-voltage characteristic of the photocatalysts by solving the detailed balance
limit for the two absorbers (with band gap of the semiconductors as input). These current-voltage
characteristics is then used to balance the corresponding electrochemical loads, consisting of the
concentration-dependent equilibrium potential (utilizing the Nernst equation), the concentration-dependent
overpotentials of the two — MRR and OER, or HER and MOR - involved reactions (utilizing Butler-Volmer
equations) and the concentration-dependent ohmic resistances of the electrolyte. This matching of the
photocatalyst power curve with the electrochemical load curve for the two particles is embedded in a time-
dependent loop that solves the transient diffusion transport equation with a source/sink term to account for
the reaction. The surface concentration of the particle is approximated by a diffusion limiting current
approach. The loop is repeated until steady state is reached, i.e. a condition where the operational current

density (which is current per particle hemisphere, i.e. i = I/((4nr?)/2)) of the two particle types are equal.
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Figure S1. Modeling flow diagram of the OD 2-particle model.



Photocatalysts performance

We treat the two semiconductor (photocatalytic component) particle types as tiny diodes'2. The
photocurrent as a function of the potential is calculated by solving the detailed balance limit, with the band

gaps of the particle(s) as an input3.

Nernstian Potential

The equilibrium potentials at different concentrations is calculated by the Nernst-equation

F=ES_ Eln (aoxidation) (1)
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where, E is the equilibrium potential, E° is the Gibbs free energy, R is the universal gas constant, T is the
temperature, n is the number of participating electrons, F is the Faraday constant and a is the chemical
activity of the relevant species. The activity coefficient y relates the concentration of a reagent with its
activity,
Ci
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where c; is concentration of species i and c? is standard amount concentration. For an ideal dilute solution,
y; is equal to one, thus we replace the chemical activity ratio by the concentration ratio. E° is 1.229 V vs
SHE for OER, 0 V vs SHE for HER, and varied for MRR and MOR (where Edzr = —ESor). For Fedt/Fe2+
mediator, E° is 0.77 V vs SHE.

Butler-Volmer equation

The electrochemical kinetics is described by an adapted Butler-Volmer expression. The Butler-Volmer

expression is given by:

i =i, [e(% ) — e(‘,‘;‘;Fn)] (S3)
where i is the net current density of the reaction of interest at a certain overpotential 1. i, is the exchange
current density, and a, and «a. are the transfer coefficients for the anodic and the cathodic reaction,
respectively. During the reaction ions have to be transported from the bulk to the electrode surface by
diffusion, convection and migration. Without a current flowing, the concentration at the surface, c%, is equal
to the bulk concentration, ¢°. With a current flowing, the reactant ion concentration depletes. This local
depletion influences the reaction rate and can be taken into account by a concentration ratio c¢3/c° for the
reduced and the oxidized species, respectively. Note that the concentration terms are time-dependent to

include the transient nature of the problem.
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where j indicates the four reactions (OER, HER, MRR, or MOR).




In most cases the surface concentration is not known. Therefore, the concentration ratio is estimated based

on a measurable diffusion limiting current density, ijimic
CO
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The concentration ratio Z—Z can then be replaced by the following expression (note again the time-dependent

concentration terms as they account for mass transport limitations of the mediator species, resulting from

their transport across the two chambers and the membrane#*):
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where ij;ni: is the diffusion limiting current, F is Faraday constant, D is the diffusion coefficient of the

(S6)

concerned species, and ¢ is the diffusion layer thickness (which was chosen to be 5 x 10¢ m 4%, a value
calculated for a moderately stirred solution). We assume that the diffusion layer is much thinner than the
radius of the sphere.

We then replace this concentration ratio with the time dependent diffusion limiting current in the Butler-
Volmer equation,
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Ohmic losses

The conductivity of the electrolyte, g;, is calculated as follows:

UL=ZF-z§-us-cs (S8)
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with z the valence of the species. The mobility u and the diffusivity are related by the Nernst-Einstein relation

for charged species.
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where q is the elementary charge and k the Boltzman constant. The ohmic overpotential is then calculated
based on the conductivity and pathway of the charge carrier (see egs. (S14) and (S15)). The path length

of the ionic transport is estimated to be roughly one particle diameter and here assumed [; = 10 um.

Mass transport and diffusion

If the operation electrochemical current density, i..., iS known, the species production/consumption (i.e.

source/sink terms) can be calculated by Faradays law,
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where ns is the number of moles of species s created/consumed, A the electrode surface area (i.e. particle

(S10)

g

hemisphere) and 4t the time step. Note that the production/consumption term is not necessarily equal in



the two compartments (given iq . varies during the transient phase). The transport equation with the source
term is given by,
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where V:is control volume of one compartment (assumed 1000 pum?3) of electrolyte through which the
species are diffused. We solve the transient diffusion equation numerically by a forward Euler method:
lelecyr, " A" At D Amem Csr, (£) — Cgp, (0) .
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where c,,.(t = t,) is the initial concentration for the species s in compartment one or two (r; for i=1,2,

Cop, (E+ AL) = C5r (B) +

alternatively also OER and HER are used as subscripts, see egs. (S14) and (S15)). The membrane surface
area Amem is assumed 100 pm?2. No flux boundaries are assumed at the outer (left and right, or top and
bottom) chamber walls. An equation equivalent to eq. (S12) is needed for the species transport in the
second compartment. Note that the concentration of the same species in the two compartments is not equal
(s, () # ¢, (t)) a@s the membrane is providing a resistance to the transport. However, the difference is

small.

Efficiency definition

The solar-to-hydrogen (STH) conversion efficiency, 7, for solar water splitting at standard temperature and
pressure of Hz and Oz is given by78:
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Implementation and results

As mentioned before, we used the detailed balance limit to obtain the current-voltage characteristics of the
two particle types with a given bandgap each, assuming perfect absorption by the particle and a transparent
solution. The mediator was chosen to be the Fe3*/Fe?* redox couple. These characteristics (see solid curves
in Figure S2) were then compared to the species-dependent load curves from the electrochemical load

given by:

VOER(iphoto,OER) = Eogr — EMeH'/MeJr + nOER(ielec,OER) - r]med,red(ielec,OER) + ielec,OER : 1/0'1 . li (814)

VHER(iphoto,HER) = Epet+/Met — Enpr + Umed,ox(ielec,HER) - UHER(ielec,HER) + lelecHER 1/01 -1 (S15)

and solved for ippot,i = lelec,i- The potential on the left-hand side indicates the potential of the particle diode,
while the total potential on the right-hand side is the potential of the total electrochemical load. As can be
seen in figure S2, the operating current density of the two particle types converge to the same value which
represents the steady state operational current. At this point both particles produce or consume the same

amount of protons and mediator ions. Thus, beyond this point the concentration profiles remain stable.



Figure S2 shows a representative simulation at a bandgap combination of 1.8 eV and 1.15 eV for a tandem

HER on top configuration for a redox mediator potential of 1 V vs SHE.

We analyzed the steady state solutions in these Z-schemes for typical mediator and proton initial

concentrations of 100 mol/m3 and 1000 mol/m3, respectively. This allowed us to map the ideal relation
between the bandgap of the HER/MOR particle and the MRR/OER particle (0.6 eV — 2.4 eV) as a function
of the redox equilibrium potential of the mediator (0.2 V to 1.2 V vs SHE).
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Figure S2. a) Current density versus potential of the photocatalyst and the electrochemical load for
HER/MOR (black) and OER/MER (red) particle types. The dashed load curves indicate the initial operation

while the corresponding second load curve indicates the steady-state operation. b) Transient evolution of

the operating current density (current per projected particle area) of the two particle types.

Table S1. Reference material and kinetic parameters used in the model 7-9:10.11.12,13

Parameter Symbol Value
Membrane diffusivity of H* Dytemu* 24-10°m?/s
Membrane diffusivity of Fe?* D\tem pe?+ 1.02-107° m?/s
Membrane diffusivity of Fe3* Dyempe3+ 7.22-107% m?/s
lonic path length l; 10 um
Mediator exchange current density’? lo,MRR/MOR 79 A/m™?
Mediator transfer coefficient ®a/c, MRR/MOR 0.5
Initial proton concentration Cy+ 1 mol/1
Initial mediator ion concentration CMett /CMet 0.1 mol/1
Membrane surface Apem 100 pm?
Membrane thickness tMem 500 pm
HER anodic transfer coefficient Qa,HER 1
HER cathodic transfer coefficient Q¢ HER 1
HER exchange current density 91 i0,HER 10 A/m™?
OER anodic transfer coefficient Qa,0ER 1.7
OER cathodic transfer coefficient Qc,0ER 0.1
OER exchange current density 910 i0,0ER 1-107*A/m™2




State-of-the-art catalysts and kinetic rates were chosen for the kinetic parameters®. Hence, kinetic values
representative of Pt- and RuO2-covered electrodes were selected for the HER and OER respectively'. For
HER, transfer coefficients between 1 and 2 are reported!, a value of aaHer = acHEr = 1 and for OER, aa,0Er
=1.7 and acoer = 0.1 was used. A negligible back reaction at the potential of interest was assumed. The
diffusivities in the electrolyte of protons, redox shuttle ions and counter ions were assumed to be the
diffusivities of these species in water. The concentration within the electrolyte was assumed to be
homogeneous. Temperature and pressure were kept under standard conditions. The particles were
exposed to a constant illumination of 1000 W/m? for a standard AM1.5 spectrum. Table S1 summarizes the
reference parameters chosen.

The modeling approach and theory remains the same for type 3 with few extra requirements. Two additional
overpotentials have to be considered due to the redox mediator reactions at the two wired electrodes
(assumed to be described with the same kinetics as the mediator reaction at the particle, described by eq.
(S7)). Two different mediators are present in the two reaction compartments. In order to maintain a Z-
scheme, the equilibrium potential of the redox mediator in the HEP compartment should be more positive
compared to the equilibrium potential of the redox mediator of the OEP compartment (see Figure S3).
Additionally, the equilibrium potential of the redox mediator operating in the OEP compartment must be
more positive than the CBM of the OEP, and the equilibrium potential of the redox mediator in HEP

compartment must be more negative than VBM of the HEP.
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Figure S3. Energy level diagram for type 3, including valence bands (VBs), conduction bands (CBs), and

reaction potentials.
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