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Abstract: The only strategy for reducing fossil fuel-based energy sources is to increase the use of
sustainable ones. Among renewable energy sources, solar energy can significantly contribute to a sus-
tainable energy future, but its discontinuous nature requires a large storage capacity. Due to its ability
to be produced from primary energy sources and transformed, without greenhouse gas emissions,
into mechanical, thermal, and electrical energy, emitting only water as a by-product, hydrogen is an
effective carrier and means of energy storage. Technologies for hydrogen production from methane,
methanol, hydrocarbons, and water electrolysis using non-renewable electrical power generate CO5.
Conversely, employing photoelectrochemistry to harvest hydrogen is a sustainable technique for
sunlight-direct energy storage. Research on photoelectrolysis is addressed to materials, prototypes,
and simulation studies. From the latter point of view, models have mainly been implemented for
aqueous-electrolyte cells, with only one semiconductor-based electrode and a metal-based counter
electrode. In this study, a novel cell architecture was numerically modelled. A numerical model
of a tandem cell with anode and cathode based on metal oxide semiconductors and a polymeric
membrane as an electrolyte was implemented and investigated. Numerical results of 11% solar to
hydrogen conversion demonstrate the feasibility of the proposed novel concept.

Keywords: photoelectrochemical tandem cell; hydrogen production; hematite photoanode; numerical
model; solid electrolyte membrane; metal oxide semiconductor

1. Introduction

Increases in world population and human activities have led to a considerable growth
in global energy demand, most of which is fulfilled using non-renewable sources. With
a view to a sustainable future and to address global energy challenges, current research
is shifting toward environmentally neutral technologies. Indeed, consuming sustainable
energy sources such as hydropower, wind, solar, ocean, and geothermal seems to be
the only way to reduce usage of fossil fuel-based sources. However, using renewable
energy sources (RES) for large-scale, cost-effective energy production is still a difficult
challenge. Continuous energy provision is incompatible with the intermittent nature
of RES, so an energy storage medium is essential for implementing a carbon-neutral
economy [1,2]. Of the renewable energy sources mentioned above, the potential of solar
energy, to date, has not been sufficiently exploited and is likely to contribute significantly
to a green future. Various approaches exist to directly convert solar energy into chemical
energy, as in the case of batteries or by producing a storable, high-energy density fuel,
such as hydrogen [3]. Although batteries have long been manufactured and used with
energy efficiency approaching 90%, this technology suffers from energy losses and capacity
degradation over time. In contrast, hydrogen has the potential to be an excellent energy
carrier because of its high energy density (about 140 MJ/kg) and the possibility of being a
fuel for internal combustion engines, turbines, and fuel cells.
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It does not release any greenhouse gases, only water as a by-product; if generated
using RES, it is environmentally friendly [1,2]. In the gaseous state, hydrogen is not found
in nature; it can be extracted from plants, methane, methanol, and higher hydrocarbons.
In particular, it can be obtained from water. Currently, it is produced through several
thermochemical, greenhouse gas-generating methods. Production by conventional water
electrolysis requires massive external electrical energy sources. This process is environmen-
tally friendly only if the electricity comes from RES. Other water electrolysis technologies
include bio-aided, carbon- or hydrocarbon-aided, and photoelectrochemical [2,4]. Water
electrolysis can be obtained in a photoelectrochemical cell (PEC), a device capable of im-
plementing this splitting using electricity directly converted from sunlight. It is composed
of two electrodes immersed in an aqueous electrolyte or separated by a hydrated solid
electrolyte, at least one of which consists of a semiconductor that is exposed to sunlight and
capable of absorbing it. The two electrodes of a PEC can be configured as an n-type semi-
conductor photoanode and a working in-the-dark cathode, two semiconductors (an n-type
photoanode and a p-type photocathode), or a p-type semiconductor photocathode and a
working in-the-dark anode [4,5]. Using only one semiconductor electrode is a challenging,
and, to date, no materials based on earth-abundant and cheap elements offer a reasonable
solution. One solution to this is to use two semiconductors in a tandem configuration,
where the electrodes are excited by the same light beam, with the second electrode receiving
the radiation filtered by the first. This configuration optimizes sunlight and combines the
photovoltage generated by the two electrodes. Several n-type semiconductors, including
TiO,, ZnO, BiVOy, TazNs5, WO3, and Si, have been studied as anodes for water photoelec-
trolysis. They show good potential but, conversely, are characterized by a large bandgap
and/or instability in solution. Among the n-type semiconductors, hematite (o-Fe;O3)
is characterized by low valence band position, abundance, stability in aqueous solution,
nontoxicity, and bandgap of about 1.9-2.2 eV. It can utilize up to 40% of solar radiation and
achieve a solar-to-hydrogen conversion efficiency of up to 15.5% [6]. From an experimental
point of view, Du et al. [7] studied the water oxidation performance of a hematite photoan-
ode in a PEC, enhanced via Co doping and surface modification. Yang et al. [8] altered
the electrode surface with catalysts to improve semiconductor efficiency using atomic
deposition-growth of MnOy on hematite. Wang et al. [9] used quick high-temperature
annealing to enhance the performance of thin hematite layers on a TiO, nano-sheet. Desh-
mukh et al. [10] investigated the electrochemical behavior of ZnO nanorods in 1 M NaySO;4
solution, employing various electrochemical methods. Wang et al. [11] considered hematite
nanorod films deposited on titanium foils and modified with phosphorous, to improve
the photoelectrochemical process. Syrek et al. [12] deposited electrochemically Cu,O thin
films on FTO-coated glass (Flourine Thin Oxide) at three different temperatures, finding
that the FTO/Cu,O cathode synthesized at the highest temperature showed superior
performance. Meda et al. [13] studied different techniques to produce nanostructured
WOj3 photoanodes on transparent conducting oxides, considering the Santato-Augustynski
formula. Finally, Kwon [14] proposed a simple and fast method for producing hierarchical
nanostructure hematite using an ultraviolet-assisted process. Similar studies on materials
were carried out in [15,16]. PEC prototyping with hematite photoanodes was performed
by Lopes et al. [17]; they designed a PEC for testing different photoelectrode configura-
tions; they investigated two semiconductors: tungsten trioxide and undoped hematite.
Brinkert et al. [18] demonstrated that, under microgravity conditions, it is possible to pro-
duce hydrogen efficiently in a photoelectrochemical manner; this represents a possible
alternative to the current space mission life-support technologies. Hogerwaard et al. [19]
developed an integrated concentrated photovoltaic and photoelectrochemical hydrogen
reactor. Vilanova et al. [20] developed a 50 cm? tandem PEC-PV cell named “CoolPEC”
(compact, optimized, open light PEC cell). Recently, important progress has been made in
the modelling and simulation-supported development of PECs. Three-dimensional multi-
physics models capable of simulating photoelectrochemical processes have been used for
this purpose, providing design criteria for semiconductors, electrocatalysts, and electrolytes.
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Moreover, modelling highlighted the most feasible device architectures regarding efficiency,
stability, and safety. Nevertheless, the need remains to model the more complex physical
aspects (e.g., thermal effects and bubble formation) that can induce malfunctions [21]. In
this context, Berger et al. [22] developed a one-dimensional model of PEC that is valid for
“wired” and “wireless” architectures. Stevens et al. [23] presented a computational method
to evaluate the hourly temperature profiles and solar-hydrogen efficiency to achieve an
optical concentration of PECs during a typical year. Hankin et al. [24] presented a model
with a hematite photoanode and platinized titanium cathode, reproducing the experimental
photoelectrolysis values obtained with a device equipped with 0.1 x 0.1 m? electrodes
of various geometries and architectures. Njoka et al. [25] developed a two-dimensional
numerical model of a hematite photoelectrode in a two-chamber reactor separated by a
proton-permeable membrane. By considering the light absorption, charge transport, and
redox reactions, the model investigated the effects of materials, height, and electrolyte
velocity on hydrogen and oxygen production. Xiang et al. [26] investigated a detailed
geometric parameter in two cell designs for a photoelectrolysis system sustained by a water
vapor feed. Walczak et al. [27] simulated an integrated photoelectrolysis system equipped
with a WO3 /FTO/p+n Si anode, a Pt/TiO, /Ti/n+p Si cathode, and a Nafion membrane
separator. Harmon et al. [28] considering charge transport in semiconductor-electrolyte-
based PEC solar cells, modelled using the drift-diffusion-Poisson equations, proposed
numerical methods for their resolution. Other models with liquid electrolytes can also be
found in the literature [29-33]. As seen in the above literature review, models have gener-
ally considered liquid electrolytes with a polymeric separator. This work studied a novel
concept of tandem cells with non-precious materials and hydrated solid electrolytes. A
solid polymer electrolyte has many advantages; indeed, a PEC works with only pure water,
and no corrosive liquid electrolytes with recirculation/purification systems are needed.
Moreover, active materials can be easily sandwiched to form a solid-state and simplified
device. This model aims to simulate water splitting into Hy and O, through photoelectroly-
sis, in view of subsequent prototyping of the PEC. The system consists of a PEC composed
of four main components: the photoelectrodes, the water channels, the solid electrolyte
alkaline membrane, and a cathodic diffusion layer. The numerical model calculates the 3D
distribution of the fluid dynamic and electrochemical quantities, the polarization curve
(I-V), and their correlation with the cell design. The local current source was analytically
simulated using the Gartner formulation at the photoanode [34] and the Butler—Volmer
at the photocathode. This tandem configuration makes good use of the incident sunlight
and combines the photovoltage generated from the two electrodes. Notably, the simulation
covers fluid-dynamic and chemical aspects (conservation and transport) that a 1D model
does not consider.

2. Model Definition

The novel concept of a PEC in a tandem configuration was based on a sandwich
of FTO-coated glass supporting a layer of Fe-based semiconductor (anode), a solid poly-
mer alkaline membrane, and a CuO-based photocathode supported on a hydrophobic
carbonaceous layer.

Once the photoelectrochemical cell is assembled and fed with distilled water, the
incident sunlight is transmitted across the transparent FTO-coated glass layer and promotes
the water-splitting reaction. The gaseous products, H, and O,, are collected by the channels
formed over the membrane surface at the cell outlet. As dehydrated hydrogen production
represents one of the main goals of this research activity, a highly hydrophobic porous layer
was considered, in conjunction with the photocathode, to accomplish this task. Indeed,
a hydrophobic porous layer allows the collection of hydrogen gas only, which passes
through the pores, while keeping the water inside the cell. This is usually constituted by
carbonaceous-based materials (Figure 1).
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Figure 1. Sketch of the PEC novel concept.

Figure 2a shows the 3D single PEC model depicted in the simulation software. It
consists of an anode collector (the transparent FTO-coated glass), a photoanode layer, a
segmented membrane, a photocathode, a GDL (gas diffusion layer) for hydrogen collection,
and a cathode collector. The segmented membrane performs three functions, it operates
as a solid electrolyte, retains the water in the channels, and allows the escape of gaseous
species. The PEC’s elements are layered on each other, forming the geometric domain.
They were parametrized in height and width in the x—z plane, according to Figure 2b; the
length of the domain was defined along the y direction (Figure 2a).
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Figure 2. (a) Drawing of the numerical 3D domain (b) PEC layers with their dimensional parameters

(z—x plane).

Table 1 lists the geometric and reference physical characteristics of the numerical model.
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Table 1. Geometrical parameters adopted for the model.
Name Value Description
L 10.0 x 1073 m Cell length
Ly 15x 103 m In/out length
Hrro 40 x 103 m Conductive layer height (FTO)
Hpp, 40 x 1078 m Photoanode thickness
Hy 4 50x10°m Channel height
Hiyem 1.0 x 1074 m Membrane thickness
Hy ¢ 50x10°m Channel height
Hyp_¢ 40 x107°m Photocathode thickness
Hegg 30x 1074 m GDL width
Weh 50 x 1074 m Channel width
Wiib 12x103m Rib width
Ailet 25 x 1078 m? Inlet Area
Aphele 1.7 x 107% m? Photoelectrode Area
Acell 1.7 x 107% m? Cell Area

A structured mesh (Figure 3) was implemented for the model discretization; the mesh
was refined at the inlet, outlet, and central part of the active area, in correspondence with

the channel considered for the escape of the reactants.

about 300,000 rectangular elements.

The adopted mesh consisted of

Figure 3. A picture of the mesh adopted for the model, the zoomed part (on the left) represents the

inlet area with the refinement of the mesh.

Water is supplied through the anode and cathode sides of the simulated PEC and
divided into H; and O, by the energy provided by the solar radiation (considered constant
over the active surface) and the eventually applied bias E, with E < 1.23 V, under the

semi-redox reactions below.

40H +4h™ — 2H,0 + O, 1 (anodic)

2H,0 +2e~ — 20H™ 4+H, 7 (cathodic)
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Produced and consumed species are transported through the anodic and cathodic

channels and photoelectrodes. As the nanopillar structure characterizes the hematite
photoanode, this layer should be porous (eventually with a low permeability), so the
oxygen formed at the interface can pass through the photoanode and escape the PEC
through the channels.

The main adopted model assumption was:

Electrochemical reactions include the oxidation and reduction of water at the photo-
anode and cathode.

Charge conservation within the electrolyte was assumed in the membrane, under the
hypothesis that it is a homogeneous and continuous media, and no bubble generation
effect was considered.

Photocurrent densities were limited by the incident photon flux.

Temperature effects were neglected. All the parameter values adopted here were
evaluated at room temperature.

Comsol Multiphysics was used to implement the numerical simulations.
The model’s inputs were the condition of the water flow entering the anode and the

cathode, the operating pressure at the channel outlet (set as ambient pressure), and the
voltage applied across the cell as the difference between the electrode potentials. The model
calculates the ionic and electronic potential distribution, current density, velocity, pressure,
and species distribution within the domain volume.

Table 2 reports the operating conditions for the base case, whilst Table 3 lists the

model’s physical parameters.

Table 2. Operating conditions of the model.

Name Value Description

Pref 1.01 x 10° Pa Reference pressure

T 308.15K Cell temperature

Uin_anode 5x10~*m/s Anode inlet flow velocity (Equations (1) and (2))
Uin_cathode 5x 1074 m/s Cathode inlet flow velocity (Equations (1) and (2))
Hanode 1.19 x 105 Pa-s  Anode viscosity (Equations (2) and (3))

Heathode 246 x 107 Pa-s  Cathode viscosity (Equations (2) and (3))

Huwater 7972 x 104 Pa-s  Mixture viscosity (Equations (2) and (3))

Owater 1000 kg/ m3 Mixture density

Table 3. Model physical parameters.

Name Value Description

Oedl 222S/m GDL electric conductivity

Om 9.825S/m Membrane conductivity

WH2_in 0.743 Inlet Hy mass fraction (anode)
WH20_in 0.023 Inlet H,O mass fraction (cathode)
WO _in 0.228 Inlet oxygen mass fraction (cathode)
Mo 0.002 kg/mol Hydrogen molar mass

Mnp 0.028 kg /mol Nitrogen molar mass

Moo 0.018 kg/mol Water molar mass

Moo 0.032 kg/mol Oxygen molar mass

CO2ref 40.88 mol/m3 Oxygen reference concentration (Equation (1))
CHonf 40.88 mol/m3 Hydrogen reference concentration

(Equations (1) and (11))
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Table 3. Cont.

Name Value Description

R R e

Dosmo  2808x10%m/s R T Eation (1)

Veen 16V Cell voltage

Eq] 0.4 GDL porosity (Equation (3))

€ 0.3 Electrolyte phase volume fraction (Equation (3))

e 03 Open volume fraction for gas diffusion in porous
electrodes (1 — g — egpr) (Equation (3))

ke 236 x 10-12 m2 E‘;ﬁz‘éi??;% (porous electrode, kapL/5,

kepL 1.18 x 10~ m? GDL permeability (Equation (3))

10_cat 0.03 A/m? Cathode exchange current density (Equation (11))

V ehan 25x 10710 m3 Channel volume

Liy 0.0015m Channel inlet length

Ncat 0.5 Cathode transfer coefficient (Equation (11))

q 1.61 x 10719 C Elemental charge (Equation (9))

Eeqa 1185V Anode equilibrium potential

Ef,an —-0.7V Hematite flat band potential (Equation (9))

Epp,cat 0 CuO flat band potential

Dy 38 x107 ¥ m 25 I nm Incident photon flux at 550 nm (Equation (9))

A 55x 107 m Wavenumber length (Equation (10))

) 8.854 x 10~ 12 F/m Vacuum permittivity (Equation (9))

Ehema 80 Hematite permittivity (Equation (9))

Np 1 x 10% 1/m3 Donor concentration (Equation (9))

Ly 5x 1079 m Diffusion length hematite

a, 5.879 x 105 EZT;;:; eggi)r;ction coefficient at 550 nm

k 1 Kinetic constant (Equation (11))

2.1. Species Transport and Conservation

In the computational domains, conservation equations for mass, chemical species,

momentum, and charge are solved. Diffusion and convection result in the transportation of
species, which takes place in the channels, anodic, and cathodic photoelectrodes, and the
GDL. In liquid water streams, the generated hydrogen and oxygen are considered diluted
species. The species transportation was implemented using the molar balance equation:

V-(=D; V¢;) +u-Ve; =0 1

In (1), D is the binary diffusion coefficient, c is the concentration, and # is the velocity
vector. The first addend in (1) indicates the transport by diffusion according to Fick’s law;
the second is the convective transport caused by water flow. The anodic and cathodic
fluxes are mixtures of two species (HO-O,, HyO-Hy); therefore, to consider the actual
volume available for the diffusion of the species in the porous media, D is modified with
Bruggeman’s condition in the porous electrode domain. Porous materials can be considered
a volume characterized by a solid matrix and voids, in which one or more fluid phases
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can occur. In a porous medium, the theoretical and real diffusion coefficients are different.
This occurs because the fluid has less transverse diffusion area available to it than the free
volume. Since the fluid must move between the interstices of the solid matrix, it must travel
a greater distance than to move geometrically between two points in the material itself,
which makes the real concentration gradient lower than the theoretical one. By correlating
the tortuosity of the path within the porous medium with the porosity, Bruggeman'’s theory
allows the determination of the real diffusion coefficient to be used in Fick’s law.

2.2. Flow Channels and Porous Electrodes

The Navier-Stokes Equation (2) describes the flow in the channels (anode and cathode):
p(u-Vu) = V-[—p1+ y(Vu+ (Vu)T)} (2)

and Darcy Brinkman’s Equation (3) gives the flow in the porous domains (photo-electrodes
and GDL):

ingt)_v{wH{Kquv@ﬁ—ggvmq—(Z+§)l 3)

The momentum Equations (2) and (3) are solved together with the continuity Equation (4):
pV-u=Q 4)

In Equations (2)—(4), u represents the velocity, p is the fluid density, y is the viscosity, p is
the pressure, ¢ is the porosity, k is the permeability, Q is the mass flux, I is the identity tensor

2.3. Transportation and Conservation of Charge

Ohm’s law, in conjunction with the charge balance for electrons and ions, is used to
set the charge transport and conservation in photoelectrodes and electrolyte interfaces:

V-is =0 )
is = _Usv(Ps (6)
V=0 (7)
iij= -0V 8)

where is and i; are the electronic and ionic current densities, respectively, and ¢; and ¢;
are the electronic and ionic potentials, 0s and o7 the electronic and ionic conductivities.
The flow of charged species is assumed to be dominated by the electric potential gradient
instead of the concentration gradients. Considering the presence of liquid water in the
channels, the membrane can be regarded as fully hydrated, and independent of external
water flow, within certain conditions. Locally, at the photoelectrode-membrane interface,
the electronic and ionic currents have the same order of magnitude, with the same number
of electrons and ions exchanged in the redox half-reactions.

2.4. Photoelectrode Kinetics

Local current densities from sunlight were modelled using an analytical approach.
The Gartner—Butler equation, a simplified equation arising from the Gartner model, was
applied to the photoanode [35]:

. _E _ ND Z‘loc,{m 2 (9)
P S 2-q-€nema-€0 a Py

where @5 and ¢, are the electronic and ionic potentials, Eg, ;, is the anode flat band potential,
q is the elemental charge, Np is the donor concentration, iy, 4, is the local current density, ®g
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is the incident photon flux, « is the absorption coefficient, which is related to the wavelength
A and extinction coefficient a by:
_Armay
A
For the photocathode case, a parametric equation with a form similar to that of the
diffusion-limited Butler-Volmer equation was used as an approximation, so the local
current iy, o 1S

k
. . CH, 2 D‘cut‘F'cht,cat _D‘cat’F'Wact,cut
Loc,cat = 10,cat” cH c|exp T —exp T (11)

2ref

(10)

where ig ¢4 is the cathode exchange current density, cy, is the Hp concentration, ¢ Hy ot is the
Hj; reference concentration, F is the Faraday constant, R is the universal Gas constant, T is
the temperature, 7.t ¢ is the activation overpotential, a4 is the charge transfer coefficient,
and kg is the kinetic constant

3. Results and Discussion

Figure 4 shows the I-V curve obtained from the continuum model, varying the voltage
applied at the cell leads. The figure reports the current density at two different values of the
incident photon flux, because the model solves the equations specifically for monochromatic
light. In this case, the incident photon flux corresponds to @y = 3.8 x 108 [m 2 s~ nm]
and corresponds to the energy content limited to just one wavelength number (A = 550 nm).
By increasing the incident photon flux up to @ = 5 x 10*! [m~2 s~! nm] (that corresponds
to the total spectra), the current density magnitude increases accordingly. In the case of a
monochromatic incident photon flux, the maximum value of current density was about

2.3 mA/cm?; as expected, the full spectra generated a maximum current density of about
9.0 mA /cm?

10
9
& 8
£
= 7
<
E 6
Z
g 5 & (5x10%)
Q 4
§ 3
= @ (3.8x10%8)
o 2
—&— phi total
1
—&—phi_mono
0
-1.0 -0.5 0 0.5 1.0 1.5

Voltage/V

Figure 4. I-V curves derived from the continuum models and related to the total spectra and a
monochromatic case.

The current density distribution in the electrodes (electronic current) and electrolyte
(ionic current) is shown in Figure 5, which is illustrated as a cross-section of the PEC model.
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Figure 5. Current density ionic in the electrolyte (left) electronic in the photoelectrode (right) values
in mA /cm?.

The top and lower bound edges (on the anode side) show the highest achievable
electrolyte current density. The three-phase boundary between the electrode, reactant,
and the electrolyte is realized at this site. The reduced interface availability for the photo
electrolysis process might be an issue for a scaled-up prototype. Therefore, the channel
width and membrane rib width must be chosen appropriately, to maximize the surface for
the reaction and minimize parasitic losses of the water and products entering/leaving the
photoelectrochemical cell.

According to this trend, the photo-generated electronic current was characterized by
the complementary tendency in the proximity of the current collection surfaces.

The current density field, as distributed, causes oxygen and hydrogen to form at the
interface between the photoelectrodes and the water channels, as shown in Figure 6a.

x1074 x1074

B78I
] 9.97 — J— 1 1
T

& | | . | I
(a) (b)

Figure 6. (a) Mass fraction distributions of oxygen/hydrogen, (b) water consumed at both the anode
and cathode side @ 1 V potential.

[ ———
—-—

Specularly, water is consumed on both the anode and cathode sides (Figure 6b).

The results demonstrate how the presence of outlet channels for the gases produced
and for the permanence of the water is essential for the proper functioning of the cell,
and how modelling helps visualize this behavior. Using a continuous membrane, as often
occurs in small laboratory cells as the cell area increases, implies the impossibility of escape
for the oxygen and the difficulty, if not impossibility, of supplying of water for the solid
electrolyte. This may negatively affect or even impede the device’s proper functioning after
a short time.

4. Conclusions

A new concept of PEC was numerically modelled using 3D multiphysics software,
covering the physical (species and mass transport, heat transport, and charge transport)
and electrochemical (electrode reactions) processes that occur as a result of sunlight. The
numerical results showed that the cell could reach current densities in the 10 mA /cm? @
1V bias. Simulation results are helpful for cell design because they allow one to “visualize”,
albeit virtually, the nonuniform distribution of species, potentials, and currents that often
cause significant performance reductions, especially in prototypes with a sizeable active
surface area. In addition, they can be used as a tool to address the enhancement of the
surface reactions and the cell configuration.

Further improvements of the continuum model are possible, for instance, with the
explicit consideration of the losses caused by recombination.
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Notwithstanding that Gartner’s equation provides a good description of the
photoelectrode—electrolyte interface in PEC cells, its limitations are well known, especially
in not accounting for recombination effects, and thus are most evident in photoelectrol-
ysis cells, where the slowness of redox processes, e.g., oxygen evolution, can become a
determining factor in the rate of water molecule separation.

With the assumptions of Gartner’s model, the polarization curve of the photoelectroly-
sis device can vary significantly. A simple way to eliminate these deviations might involve
using explicit, potential-dependent formulations for the kinetic constants that appear in
Equation (9).
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