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Abstract
Integrated Modeling and Design of Photoelectrochemical Water-Splitting Cells
by
Alan Day Berger
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor John Newman, Chair
The photoelectrochemical production of fuels is an interesting research topic that aims to provide
a low-cost method for storing solar energy. A one-dimensional model of a photoelectrochemical
cell for solar water splitting has been developed, with applicability to both wired and wireless
designs. The model of the light absorber handles electron and hole transport. The model of the
electrolyte accounts for mass transport through regions of aqueous solution, including stagnant
diffusion layers and bulk regions to address mixing due to bubbles, natural convection, or other
sources. A polymer membrane may be present in the electrolyte.
The models of the light absorber and the electrolyte are integrated through the reactions taking
place at the interface between them. Charge transfer from the semiconductor to the solution is
handled using a kinetic model involving reactions between the species in both the light absorber
and the electrolyte. A simplified model is also presented for use when concentration gradients in
the electrolyte are negligible. The simplified model captures the effect of the electrolyte in the
boundary conditions for the light-absorber.
Throughout, the model is validated against experimental data. At the outset, simulated output
compares favorably with current-potential data for a hydrogen-evolving light absorber with
varying degrees of simulated solar illumination. Later, the program is able to match currentpotential data and bulk pH values for a membrane electrolysis cell with several electrolytes.
The model is first used to study the effect of changing the electrolyte on the performance of a
photoelectrochemical cell. It is discovered that using supported dilute acids or buffered
electrolytes in an attempt to work in near-neutral conditions is ineffective. Cells with neutral
electrolytes cannot run at high current density due to transport limitations in the electrolyte and
solubility limitations that are encountered due to electrodialysis.
Later, an absorber-in-membrane design for a photoelectrochemical cell is considered. Gas
crossover is identified as a significant issue in these systems, and metrics are developed for
evaluating system performance properly. Material targets are established. For instance,
membranes with ten times the gas-blocking properties of currently available polymers (i.e.,
Nafion) are desired.
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1. Introduction

1.1. Solar Fuels
Research in solar fuels is motivated by energy concerns. Global consumption of energy
reached 17.5 TW in 2010 and continues to rise.1 Meeting this demand with the known reserves
of different fuel types will be challenging. The exhaustion times of various resources such as
coal, oil, natural gas, and uranium for nuclear power are all on the order of tens or hundreds of
years (with considerable uncertainty).2 There have been attempts to bring various renewable
energy sources to scale, but they still represent only about 10% of the energy market in the
United States. To three significant figures, domestic production and consumption of renewable
energy are both equal to 0.31 TW, and therefore they account for only 11.4% of U.S. energy
production and 9.5% of U.S. energy consumption in 2013 according to the Energy Information
Administration.3 Approximately half of renewable consumption is due to biomass, and the top
contributors are wood at 71 GW and biofuels (ethanol and biodiesel) at 67 GW. The next largest
contributor is hydroelectric power at 86 GW, with wind and solar accounting for only 53 GW
and 10 GW, respectively.
Utilizing the solar resource more fully is attractive due to its sheer capacity of 85 PW
globally.4 However, the intermittency of the solar energy means that energy storage will be
necessary. It is preferable to store energy in molecular bonds as a fuel rather than store electrical
energy in a battery. This is true because the superior specific energy of fuels (especially liquid
fuels) leads to lower costs, especially when the energy needs to be stored for longer than a day.5
For the same reasons, fuels are well-suited for transportation applications, which account for
28% of energy consumption in the United States.3
We have established that conversion of sunlight, water, and carbon-containing sources
into fuels is an appealing goal. This process is sometimes called "artificial photosynthesis," and
it has attracted a great deal of recent research.6–8 The overall process can be roughly described in
the following way:
(1-1)
Here, the product

would be some type of useful fuel, and oxygen is a by-product.

One common way to approach this problem is to take an electrochemical route. This
separates the overall reaction between two electrodes where oxidation and reduction take place.
Water can be oxidized at an anode, producing protons and oxygen gas:
(1-2a)
or alternatively in base:

1

(1-2b)
This overall reaction is called the oxygen evolution reaction, or OER. Because four electrons are
transferred, the above reactions consist of simpler elementary steps that form a reaction
mechanism. Significant debate still exists in the literature as to the exact mechanism of the OER,
even on well-studied surfaces such as the nickel electrodes used in alkaline electrolysis.9–11
At the cathode, a fuel will be formed. The simplest possible case is to set
producing hydrogen as the fuel:

,
(1-3a)
(1-3b)

This is called the hydrogen evolution reaction, or HER. Hydrogen is less attractive than a
carbon-containing fuel because, as a gaseous fuel, its energy density is low. For example, the
overall reaction in this case is
(1-4)
The standard Gibbs free energy of reaction is equal to
, which is the negative of
the free energy of formation of water at 25°C and 1 bar. From this value, it can be calculated
that hydrogen has an energy density of 0.0097 MJ/L. Often, analyses of fuels are performed on
the basis of a higher heating value, in which case a slightly higher value of 0.012 MJ/L is
obtained. Even after compression to 800 bar, the energy density of hydrogen (10 MJ/L) is less
than half of that of ethanol (23.5 MJ/L) and less than one-third of that of octane (34 MJ/L) or
even methane at the same pressure (32 MJ/L).12
However, the goal here is to study the overall process for producing fuels. Therefore, it
is useful to consider HER because it is the simplest fuel-forming reaction, and the framework
developed here can easily be extended to the production of carbon-containing fuels. For
instance, electrochemical reduction of CO2 to syngas has been demonstrated before,13 and there
is ongoing research in production of liquid fuels from the CO2 reduction reaction (or CO2RR).14
Furthermore, one can imagine a scheme where H2 is produced and later combined with CO2 in a
chemical process, such as modified Fischer-Tropsch synthesis.5,15–18

1.2. Photoelectrochemical cells
As a result of the discussion in the previous section, we choose to study an
electrochemical route for the production of hydrogen via water-splitting. The field of
photoelectrochemistry is devoted to electrochemical processes that involve light.19,20 The major
components of a photoelectrochemical cell (PEC) are a light absorber, two electrodes, and an
electrolyte. Walter et al. offer a comprehensive review of PECs for splitting water.21 The main
difference between a PEC and a standard electrolytic cell is that the light absorber replaces the
2

need for an external power supply to provide the potential needed to split water. Since this is an
electrolytic cell, the cell potential will be larger than the equilibrium potential in order to drive
the desired reactions at a finite rate.22,23 The equilibrium potential difference under certain
standard conditions is given by
, where
is
Faraday's constant, or the magnitude of charge in a mole of electrons. The equilibrium potential
for Equation 1-4 at 25°C and 1 bar pressure is
, which is also calculated from the
standard Gibbs free energy of
that was introduced earlier. Thus, the light
absorber must supply at least
in the presence of sunlight.
The absorbers that supply this potential will typically be semiconductors whose band
gaps are well suited for the solar spectrum. A reference solar spectrum called "Air Mass 1.5
Global" or AM 1.5G is shown in Figure 1-1.24 The AM 1.5G spectrum represents the total flux
density of photons of a given energy that reach the earth's surface considering all possible angles
of incidence. The "Air Mass 1.5" indicates that the average path length through the atmosphere
before striking the earth's surface is 1.5 times the total thickness of the atmosphere. The
"Global" indicates that the detector considers all photons incident over a hemisphere, which
means that both direct and diffuse (or scattered) photons are considered. (There is also an AM
1.5 D spectrum that considers only direct light.) The majority of solar energy reaching the
earth's surface is due to photons in the visible spectrum, which contains energies from about 1.5
to 3 eV. There is also a significant quantity of near-infrared radiation, though these photons are
lower in energy.
Absorption of light in the semiconductor excites electrons in the valence band to the
conduction band, leaving behind a "hole" in the valence band. The hole is the absence of an
electron, but it behaves like a particle with a positive charge and is therefore treated as such in
the semiconductor literature.25 If the electrons and the hole are not separated, the electron will
relax back down to its original position in the valence band, emitting the lost energy as either
light or heat. This process is called recombination, and a great deal of research has studied the
rates of recombination in semiconductors, both due to bulk processes and surface
recombination.26–29
To limit the impact of recombination, separation is achieved by using an electric field.
The electric field can be created by introducing a junction between dissimilar materials. If the
junction that creates the electric field is the junction between the absorber and the electrolyte,
this is called a liquid junction.30,31 The other option is to dope regions of the semiconductor to
create a p-n junction. This is called a buried junction, because the junction that separates the
charges is “buried” below the absorber-electrolyte interface.32

3

Figure 1-1: ASTM Reference Solar Spectrum: Air Mass 1.5 Global (AM 1.5G)
If a single semiconductor is to be used, the band gap of the semiconductor must be
greater than the 1.229 V reversible potential in order to split water. Titanium dioxide has a band
gap, Eg, of 3.0 V, and production of hydrogen and oxygen in a PEC using TiO2 was first
demonstrated by Fujishima and Honda in 1972.21,33 Strontium titanate (Eg = 3.2 eV) has also
been shown to electrolyze water.34 However, the solar-to-fuels (STF) efficiency,
, of both of these processes is very low:
(1-5)
The reason is simple. The denominator of this expression is a constant that can be obtained by
integrating the solar spectrum over all wavelengths, and it is equal to 1000 W/m2. When
examining the solar spectrum of Figure 1-1, it is clear that both TiO2 and SrTiO3 have band gaps
that are too large. Most of the visible spectrum is too low in energy to excite any electrons
across the large band gap. As a result, devices based on both of these materials have solar-tohydrogen efficiencies on the order of 0.1%. Unfortunately, metal oxides with lower band gaps
often run into problems with stability in the electrolyte.35,36
4

Therefore, one solution might be to wire more than one photovoltaic cell in series. This
concept is used in solar-cell modules. It has been successfully applied to photoelectrochemical
hydrogen production in the case of three copper-indium-gallium-arsenide (CIGS) cells wired in
series and connected to platinum catalysts.37 The authors are able to generate a current density
of 8.2 mA/cm2, corresponding to a reported efficiency of 10%.
Another option is to have the two junctions stacked on top of each other in tandem. This
tandem concept is often used in high-efficiency photovoltaic cells.38–40 For a water-splitting
photoelectrochemical cell, it has been shown that the theoretical maximum power conversion
efficiency increases from 5.3% for a single absorber to 42.4% for a dual absorber.41 Similar to a
tandem photovoltaic, light is incident on whichever absorber has the larger band gap (typically
the photoanode) so that the photons of higher energy will be absorbed first. This reduces the
energy lost when the excited electrons relax back down to the edge of the conduction band in a
process called thermalization, due to the heat that is released. The STF efficiency has risen
dramatically as a result of moving toward tandem devices, including work done by Turner et al.
who have achieved 12.4% with a tandem liquid-junction PEC and 16.5% with a tandem buriedjunction device.39,42–44 The highest claim is currently a STF efficiency of 18.3%.45
In order to obtain such high efficiencies, catalysts are usually necessary to facilitate the
reactions in Equations 1-2a through 1-3b. Vetter has a good collection of data on electrocatalysts
for hydrogen and oxygen evolution up to the mid-1960s.11 More modern work has focused on
benchmarking electrocatalysts with a consistent measurement approach.46 The literature has
identified several important trends. In acidic conditions, IrOx is the only known stable
electrocatalyst for OER.47,48 RuOx exhibits higher activity,49,50 but the stability is poor unless it
is alloyed with IrOx.51 Other metals can be alloyed with iridium, including platinum and tin.52,53
Iridium oxide alloys have enjoyed a recent revival in the literature.54–57 It should also be noted
that it is possible to use bare TiO2 without any additional electrocatalyst,58 which was the route
taken by Fujishima and Honda. Platinum is the best known catalyst for hydrogen evolution in
acidic media.
In basic conditions, several material systems are for alkaline electrolysis. Most oxygen
evolution catalysts are based on nickel, either in a porous structure such as Raney Ni59 or an
alloy with other metals such as cobalt or iron.60,61 Ternary and quaternary mixed metal oxides
have been studied. In particular, the oxide of nickel, iron, cobalt, and cerium shows activity that
surpasses that of the previously known nickel-iron-cerium oxide at current densities above 10
mA/cm2.62 Variations on perovskites also show promise as OER catalysts in base.63–65 The
hydrogen-evolution catalysts for alkaline conditions typically incorporate molybdenum with the
nickel for improved HER activity.66–68

1.3. Approach
Significant challenges face the process of photoelectrochemical hydrogen production,
evidenced by the fact that the experimentally realized efficiencies mentioned in the previous
section lag behind theoretical limits.40,41,69,70 The primary challenge in artificial photosynthesis
5

is to provide enough potential to split water while capturing a significant percentage of the
energy in the solar spectrum. Wide bandgap semiconductors (such as TiO2 and SrTiO3) fail the
requirement of capturing solar energy, while narrow bandgap semiconductors (such as Si with Eg
= 1.1 eV) fail the requirement of providing sufficient potential. The potential supplied must
overcome more than the reversible potential of 1.229 V. Kinetic overpotentials associated with
the catalysts mentioned earlier are often on the order of hundreds of millivolts. Additionally,
mass-transport losses are present in the form of ohmic losses and concentration overpotentials.
Because these are highly dependent on the system geometry, limits exist on the dimensions of
photoelectrochemical cells in order to avoid excessive losses.71,72
The transport processes in the system are coupled to the rates of reaction because they
change the concentration of reactant and product species. In addition, the potential supplied by
the light absorber and the current traveling through it must be equal to the potential drop between
the electrodes due to the reactions and the transport through the solution. It is also possible for
the composition of the solution to affect the electric field at a liquid junction.31,73,74 To
understand how to optimize a device subject to all these constraints, we develop a model
containing all system processes coupled together. This model is applied to understand the
operation of a membrane-embedded PEC (Chapter 3) and the drawbacks of near-neutral
electrolytes (Chapter 4).
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2. Integrated model of a Photoelectrochemical Cell

2.1. Introduction
Since the goal of this work is to study photoelectrochemical cells and understand their
operation, developing a physical model is a necessary step. The model can provide physical
insight that can explain experimental observations, as we will see in Chapter 3. The model also
finds utility in the ability to adjust system parameters to discover a range of properties that would
be desirable in new materials. We demonstrate this for the case of the absorber-in-membrane
design in Chapter 4.
The first requirement of a model is to choose an acceptable level of approximation for the
physics. Previous efforts have discussed the physics of photoelectrochemical cells in some
capacity. Early effort by Brattain and Garrett1,2 explained experimental observations of the
illuminated germanium-electrolyte interface using ideal-diode approxmations. Reiss extended
the analytical solution, solving for potential and concentration profiles in the depletion layer with
a series of approximations for the rate of charge transfer.3 In Reiss's analysis, ion transport in the
electrolyte was greatly simplified to a linear mass-transfer relationship with phenomenological
coefficients, ignoring the details of convective diffusion and omitting the effect of migration.
Useful review articles have been published, including those of Nozik4 and Heller.5 Contributions
to electrochemical volumes containing physics specific to photoelectrochemistry at
semiconductor-electrolyte interfaces have been made by Gerischer6 and Green,7 while complete
volumes dedicated to the topic have been compiled by Morrison8 and Memming.9
The consensus of the articles listed above is that the physics for charge transport in the
liquid-junction cell does not differ significantly from that of a photovoltaic cell, except for the
rates of charge transfer at the boundaries. Gerischer established the foundation for understanding
charge transfer at a semiconductor-electrolyte interface using concepts from quantum
mechanics.10 English translations and summaries are available,6,11 where Gerischer argues that
the rate should be proportional to the density of energy states available in the solution and in the
semiconductor.10,11 Marcus later described the rate of charge transfer using transition-state
theory.12 Several researchers in the early 1980s developed simple models based on these
principles for charge transfer between bulk electrons and holes, surface states, and redox couples
in solution.13–18
Some work has focused specifically on computational modeling related to PEC. Orazem
developed a physics-based numerical model of the liquid-junction photovoltaic cell, including
detailed electron-transfer reactions in the inner and outer Helmholtz planes of the solution and
the semiconductor.19–21 Numerous researchers in the Lewis group have had an active role in
modeling rates of charge transfer at semiconductor-electrolyte interfaces.22–26 Deshmukh and
Boehm offer a review of modeling details for systems related to renewable hydrogen generation,
such as PV cells, wind turbines, electrolyzers, fuel cells, and hydrogen storage.27 Recently,
Andrade et al. have presented a transient "phenomenological" model applied to study hematite
photoelectrodes.28 The word "phenomenological" in the title is misleading, as they present a
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model based on solving the coupled physical equations. However, their treatment of the
electrolyte ignores species other than hydroxide ions and does not include an equation to specify
the potential, such as electroneutrality. Additionally, their form of Poisson's equation is
confusing, and it may in fact be an incorrect statement of the Poisson-Boltzmann equation, which
is strictly valid only at equilibrium.
Other recent work has left out some piece of the integrated problem. Some twodimensional finite-element simulations have studied electrolyte transport without considering the
details of the semiconductor,29–31 while other 2-D studies have tackled the light absorption32 or
semiconductor transport33 without considering the electrolyte. On the other end of the
complexity spectrum, simplified zero-dimensional modeling or "load-curve analysis" has been
used.34–36 There is a gap in the literature where no model exists that solves the governing
equations for all physical processes coupled together.
The fully-integrated one-dimensional model we develop here fills the gap in this
literature. It includes all the coupled physical processes, but at a level of detail that allows the
problem to remain tractable. Model assumptions include steady-state operation with the global
average reference solar spectrum (AM 1.5G, see Figure 1-1). The system is also taken to be
isothermal and isobaric, with transport properties that do not vary with composition. It should be
noted that the framework given here provides a clear route for relaxing these assumptions. This
chapter introduces the model and validates it against experimental data. The following chapters
demonstrate its utility, using it to study and explain additional data sets as described at the
beginning of this section.

2.2. Cell geometry
Before discussing the physics behind a photoelectrochemical cell, it is useful to define a
geometry in which the physical processes are taking place. Many different geometries are
possible for a water-splitting device. Some that have been proposed or demonstrated include
free-floating particles in solution,37 membrane-embedded particles,38 porous or slotted
electrodes,39 "wired" and "wireless" planar designs,40,41 and more. However, the goal here is to
develop a one-dimensional model that captures all of the relevant physical and chemical
processes in the system. Therefore, we seek a general geometry that is applicable to as many of
these designs as possible.
Figure 2-2 shows a typical “wired” configuration. The light absorber in the drawing is
split into a photocathode and a photoanode connected via an external wire. In the wired
configuration, it is possible to have the absorber on only one side of the device, in which case the
wire connects to a counterelectrode which does not participate in light capture. This may be
preferable, because light absorption by the solution, membrane, and any catalyst particles must
be taken into account if the absorber is split between the anode and cathode.
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Figure 2-2: The planar photoelectrochemical cell in the “wired” configuration.
The striped region in the electrolyte indicates the presence of a membrane. Processes include
light absorption (1), electron and hole transport (2,3), O2 evolution (4), proton transport (5), and
H2 evolution (6).
In Chapter 1, it was mentioned that the light absorber will typically be a semiconductor.
To facilitate hydrogen and oxygen production, the light absorbers are capped with HER and
OER catalysts. The catalyst layers are drawn with a finite thickness, but in the model they are
assumed to have zero thickness due to being much thinner than the other layers. The electrolyte
region between the absorbers may contain a membrane. The membrane improves yield and
purity by blocking diffusion of product gases to the opposite electrode while maintaining
sufficient ionic conductivity to avoid excessive ohmic losses.42
Another broad class of device geometries falls under the “wireless” category, as depicted
in Figure 2-3. If a membrane is present, it may span up to the entire width of the electrolyte.
Such an architecture can be labeled an "absorber-in-membrane" design, where the membrane
serves the additional role of providing a mechanical support for the absorber.
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Figure 2-3: 2-D projection of the “wireless” or “absorber-in-membrane” design.
The microwires are aligned along dimension z, which is the dimension used in the model. The
numbers refer to the same processes as in the “wired” design of Figure 2-2.
Treating the "wireless" geometry as one-dimensional is an approximation that is made in
order to develop a simple model capable of capturing all of the relevant physics. This
approximation is best for absorbers where the length (horizontal direction in Figure 2-3) is much
larger than the width or the diameter (vertical direction in Figure 2-3). Microwires are one type
of light absorber that have this high aspect ratio, and they may be desirable as light absorbers
because the distance for ionic transport is approximately equal to the length of the wire, which is
on the order of 10 to 100 µm in order to capture the light. Arrays of microwires also exhibit light
trapping, having been shown to absorb nearly the same amount of light as a planar absorber
using less of the semiconductor material.43
In Figure 2-4, the design is broken down into 1-D components. In the "wireless" case of
Figure 2-3, the current follows a loop such that the representation is closer to a 1-D torus than a
line. However, the torus is unfolded so that the geometry can be described in a manner
consistent with Figure 2-2. Figure 2-4 introduces several lengths and areas. To allow for
scaling, area ratios are defined as listed in Table 2-1. Note that for the absorber-in-membrane
case, we assume that the area of the light absorber and the area of the membrane add to give the
total device area. Using the area ratios defined below, this gives
. This may
not hold if a nonconductive layer is necessary to promote adhesion between the polymer and the
light absorbers, in which case
instead.
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Figure 2-4: General 1-D model geometry.
The diagram shows a general geometry that is applicable to both wired and wireless cases,
including relevant lengths. Areas are shown in boxes. Anode and cathode areas are depicted by
a rough texture, while cross-sectional areas include an arrow showing where the cross-section is
taken. The aqueous electrolyte may be broken up into bulk (solid color) and diffusive (wavy
texture) regions. The thick dotted line indicates a point at which the wired planar device might
have a physical spatial separation, but the current and potential are continuous across this
division (disregarding ohmic losses in the connection). Node points A-D are labeled for later
reference and to highlight that the leftmost and rightmost point in the diagram occur at the same
physical location in space.
Table 2-1: Area ratios and geometric constraints*
Geometry-dependent constraints
Name/description

Definition
wired

wireless

Electrode surface roughness,
relative to absorber area

-

-

Absorber area fraction

-

Electrolyte area fraction,
near electrode m

-

Membrane area fraction
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Membrane area fraction

-

Effective area ratio for mass transfer,
membrane to electrode m

* The index

or

-

, for anode and cathode, respectively.

2.3. Governing Equations for Light Absorber
The light absorber in this work will be modeled using the standard semiconductor physics
equations for solar cells, which have been established in the literature cited in section 0. These
equations are commonly called the continuity and the drift-diffusion equations in the field of
semiconductor physics. These equations are equivalent to those used in dilute-solution theory.44
The continuity equation is a species balance, and the drift-diffusion equations are the same as the
Nernst-Planck equations. Using dilute-solution theory is justified because nondegenerately
doped silicon typically has a carrier concentration of less than 1018 cm-3 or 1.7×10-3 M at room
temperature, and the activity coefficients for electrons and holes do not deviate significantly
from 1 until the carrier concentrations approach the effective conduction-band and valence-band
density of states, respectively.44
The Nernst-Planck equations take the following form, with a migration term proportional
to the electric field, :
(2-6)
(2-7)
is the flux of species , where indicates holes and indicates electrons. The concentrations
of electrons and holes are denoted and , respectively. Rather than keep track of the flux of
electrons directly, we relate it to the flux of holes and the current density in the solar cell, . We
have
, where is Faraday's constant. This relationship is used in Equation 2-7
to replace .
and are the diffusion coefficient and the mobility for species , respectively.
Because the Nernst-Einstein relation
holds, these two transport properties are not
independent. Composition dependence of is not considered in this work, but it is
straightforward to include if needed to analyze other systems.
The material balance or conservation equation for holes is given by
(2-8)
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The generation rate,
, depends on the absorption of light by the semiconductor and is
discussed further at the end of this subsection. The kinetic expression for recombination is
written here using a band-to-band term, but other treatments are possible, such as the ShockleyRead-Hall type term used previously for a liquid-junction PEC cell.19 The relevant kinetic
parameters are the recombination rate constant,
, and the equilibrium constant, which is
written following convention as an intrinsic carrier concentration, .
Since we choose the current as a variable instead of the flux of electrons, we replace the
material balance for electrons with a statement of conservation of charge:
(2-9)
The electric field is related to the local charge density through Poisson's equation,
2(
10)
where is the permittivity of the semiconductor. The concentration of ionized dopant atoms is
labeled
because it contributes a "background charge" of immobile ions to the local charge
density. We follow convention by assuming constant doping levels
and
for acceptors and
donors, respectively, and assuming that all dopants are ionized. Thus, we write
at each position.
Since potentials are typically measured rather than fields, it is useful to include
2(
11)
This equation defines as a potential that satisfies Poisson's equation. In other words, it is the
cavity potential, and its value at any position relative to some arbitrary reference point is equal to
the work done against coulomb interactions to move a unit charge from that arbitrary reference
point to the position in question. The potential in the semiconductor and the potential in the
electrolyte can be related through the cavity potential. However, it is simpler to define the
potential in the electrolyte relative to a reference electrode since that is a more accessible
measurement. More discussion can be found in section 2.4 and in Chapter 3 of Newman and
Thomas-Alyea.44
The generation rate is determined from the incident solar flux,
, by an integral over
all wavelengths . The form of this integral depends on the geometry of the problem. For
instance, the light may be incident from one of the ends of the microwires. In that case, we can
set as the distance from the surface of the semiconductor where light is incident and write the
following equation:

16

+∞

=

0

exp

𝑑

(2-12)

0

Here,
is the absorption coefficient of the material. Reflectance and absorption by the
catalyst are not taken into account.
Equations 2-6 to 2-11 are easily written in 1-D with first-order derivatives in . If the
light is incident from an angle, one can integrate through the thickness of the absorber (along the
y-dimension in Figure 2-3) to get an approximation of the carrier generation rate in 1-D for
Equation 12. Care must be taken to handle the light absorption correctly, as the light takes a
different path through the absorbers in the wireless case versus the wired case with a split
photoanode and photocathode. To see this, compare Figure 2-2 and Figure 2-3. The integral in
Equation 12 may need to be broken up into segments according to the exact position of the light
absorbers and the direction of the incident light.

2.3.1. Boundary Conditions for Light Absorber
Charge must be transferred across the interface between the light absorber and catalyst.
We employ a surface-reaction model similar to that developed previously for the liquid junction
PEC.19 Here, we choose to include only three essential reactions as shown in Figure 2-5. This
reduces the number of kinetic parameters necessary to describe the system while still capturing
the physics of the charge transfer.

Figure 2-5: Diagram of the surface model.
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For simplicity, only three reactions are considered: (1) surface recombination between holes
and electrons
within the light absorber, (2) recombination of holes with electrons
from the catalyst
, and (3) injection of electrons.
The reaction rate

for each reaction in Figure 2-5 is given below:
(2-13)

2

=

3

=

f2,m

f3,m

exp

exp

1

𝛼

2

1

cat ,m

2

exp

2

exp

3

𝛼

3

cat ,m

3

cat ,m

(2-14)

cat ,m

(2-15)

Convention dictates that the reaction rate is positive when the reaction proceeds in the
anodic direction. Equation 2-13 parallels Equation 2-8 because the mechanism is similar, but the
recombination rate constant at the surface,
, differs from the one in the bulk because this is a
surface phenomenon. Reactions 2 and 3 result in charge transfer across an interface; thus, they
follow a Butler-Volmer form. Kinetic parameters include forward rate constants , symmetry
factors , and equilibrium constants . The electrostatic potential in the semiconductor at point
(see Figure 2-5) is given by
and is equivalent to the variable in Equation 2-11 evaluated
at the boundaries of the solar cell. In the catalyst, the potential is
, and the activity of
electrons is . If the contact is sufficiently small or has high enough conductivity (e.g., a
metal),
and
are approximately uniform and can be described by single numerical values.
The ratio
can be specified from thermodynamic arguments. At equilibrium,
reactions 1 to 3 all have a net rate of zero, and Equation 2-15 reduces to
𝛼
3

=

exp

cat

0

(2-16)

The subscript 0 indicates that the potential difference is at its equilibrium value. At equilibrium,
we equate the electrochemical potentials of the species involved in the reaction, giving
. The electrochemical potentials take the form
.
is a
secondary reference state quantity. A general activity, , is used rather than a concentration, .
This allows one to use surface concentrations and even an activity coefficient that does not
depend on electrical state. The dependence of the electrochemical potential on the electrical
state is captured by the term
, where is the charge number on species .
Equating the electrochemical potentials of the electrons in both phases and rearranging,
we have
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(2-17)
The reference states have been designated
and
for locations 𝛼 and , respectively.
These reference states can be calculated from work functions.45 For instance, in the catalyst we
assume that
and
are constant. Since the reference state is also constant at constant
temperature and pressure, the electrochemical potential of electrons in the catalyst is related to
the catalyst work function,
, by
(2-18)
Note that the electrochemical potential is negative because work is required to remove an
electron from the material. For the semiconductor, the electrochemical potential is similarly
related to the work function. For an intrinsic semiconductor with electron concentration and
work function
:
(2-19)
Combining Equations 16 to 19, we have
𝛼
3

Α

=

exp

(2-20)

If we perform a similar analysis starting from Equation 14, we obtain
𝛼
2

=

1

Α

exp

(2-21)

In this analysis, we relate the secondary reference state for holes to that of the electrons by
equilibrating reaction 1 in Figure 2-5 and using the equilibrium relationship
. The
standard thermodynamic expression
agrees with Equations 2-16 to 2-21,
and it also verifies the relationship
.
Four boundary conditions at the interfaces between light absorber and catalyst can be
garnered from this surface model. The flux at the boundary is related to the reaction rates for the
surface reactions as follows:
m

=∓

m,L
𝑙

,𝑙 𝑙

(2-22)

indicates the value of at the boundary with electrode , where
or for anode
and cathode, respectively.
is a surface roughness factor defined in Table 2-1 as the ratio of
, the area of electrode , to
, the cross-sectional area of the light absorber connected to
electrode . The convention is to write
as positive for reactants and negative for products. It
follows directly that the negative sign is for the cathode and the positive sign is for the anode,
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due to the signs of the other terms and the choice of geometry in Figure 2-4. The reaction-rate
expressions are already given in Equations 2-13 to 2-15.
Two more boundary conditions involve the electric field. The charged double layer at the
surface of a semiconductor was described by Bardeen; it consists of surface charges at the planes
𝛼 and (see Figure 2-5) and a diffuse layer of charge in the semiconductor.45 Equivalently, a
surface dipole creates a discontinuity in , and a surface charge creates a discontinuity in ,
denoted
. The values of
are parameters in the model and are related to the density of
surface states on the semiconductor.
If the catalyst is a metal like platinum, it is a good assumption to say that the electric field
in the catalyst is constant and is related to the current density by Ohm's law. At the boundaries,
the definition of
leads to boundary conditions for the electric field:
∓

(2-23)

Again, the negative sign is for the left boundary (cathode) and the positive sign is for the right
(anode). Similar to above,
is the value of at the boundaries. The catalyst conductivity is
denoted by .
In the case of a multi-junction light absorber, each light absorbing region may be joined
together using a junction with these six boundary conditions (Equations 2-22 and 2-23) as well
as an additional equation for continuity of current. The additional equation is necessary to
specify the value of
used at the junction.
represents the potential in a hypothetical metal
electrode existing at the junction between the two materials. Alternatively, one could replace
in Equations 2-13 to 2-15 with the potential in the next semiconductor, in which case the
values of the equilibrium constants would have to be recalculated. In either case, this treatment
allows one to handle either ohmic contacts or Schottky-barrier contacts, depending on the choice
of the kinetic parameters.
Finally, the values of
of potential:

and

must be specified. One can be an arbitrary zero

(2-24)
For a nonintegrated model, the other is set by specifying either the potential or the current at the
opposite boundary:
(2-25a)
(2-25b)
For an integrated model, Equation 2-25 is omitted, and the analysis follows the guidelines in
sections 2.6 and 2.7 instead.
20

2.4. Governing Equations for Electrolyte
The model of the electrolyte determines the concentration gradients and the potential
drop in the solution between the electrodes. One could use a full multicomponent diffusion
model with interaction terms between all solute species, but the majority of the essential physics
is described with dilute solution theory using the Nernst-Planck equations:
(2-26)
Notice that this is the same as Equations 2-6 and 2-7, except that now species refers to
any of the solute species in the electrolyte, including ions, dissolved gases, and any other neutral
species. The charge number of each species is . The material balances include the rates of any
homogeneous reactions, :
=

,𝑙 𝑙

(2-27)

𝑙

where
is the stoichiometric coefficient for species in reaction 𝑙 (positive for reactants,
negative for products). Reaction rates may take the form of a simple mass-action law:
𝑙

=

,𝑙

f,𝑙

1

,𝑙

eq ,𝑙

(2-28)

If species is a reactant,
and
. If species is a product,
and
. The reason for this choice of sign convention is to match with the standard sign convention
for stoichiometric coefficients in electrochemical systems.44 Each reaction is also described by a
forward rate constant,
, and an equilibrium constant,
.
If reaction has a large rate constant for the forward reaction, it may be appropriate to
treat the reaction as quasi-equilibrated. Acid-base reactions are an example where the rate
constants are so large that careful experimental techniques must be used to measure them.46 For
equilibrated reactions, it is necessary to solve one equation of the form of Equation 2-27 for
and substitute the result for all occurrences of
in the other material balances, as previously
outlined by Delacourt et al.47 Equation 2-27 is used only
times with the substitutions
just described. Here, is the number of species in the electrolyte and
is the number of
equilibrated homogeneous reactions. The remaining
equations describe reaction equilibria
for the equilibrated homogeneous reactions:
eq ,

=

,

(2-29)
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The approximation that has been made is that
tends to infinity while the mass-action term
tends to zero. This limit analysis allows for a finite rate of reaction despite holding Equation 229 to be true.
These substitutions also require a rearrangement of Equation 2-26. For each reaction that
has been equilibrated, the fluxes of the species involved in that reaction become coupled. The
result is that only
groups of fluxes are independent. The variables should be
redefined into
groupings of fluxes that have been coupled together by the equilibrated
reactions. Because the number of independent variables has decreased by
, the number of
governing equations must also decrease. The governing equations will be given by statements of
Equation 2-26 according to the same groupings of independent fluxes.
The procedure just described treats these fast reactions as equilibrated everywhere,
including at the boundaries of the electrolyte near the electrodes. A more realistic picture would
involve a thin reaction layer near the electrode where the reaction proceeds away from
equilibrium. The details of this singular perturbation analysis have been treated elsewhere48,49
and are not considered in this work.
It is also possible to eliminate the flux of one ionic species and replace it with the current
density in the electrolyte, . The relationship
leads us to replace one equation
each of the form of Equations 2-26 and 2-27 with the following two expressions:
e

=

𝜅e

e

(2-30)
(2-31)

Equation 2-30 is a modified form of Ohm's law which is applicable to dilute solutions with
concentration gradients, and the conductivity of the electrolyte is given by
2

2

𝜅e =

(2-32)

In the electrolyte, the potential is set by enforcing electroneutrality rather than by using
Poisson's equation:
=0

(2-33)

This is very similar to the limit taken above when equilibrating some of the reactions. In the
electrolyte, the term
in Poisson's equation (see Equation 2-10) is taken to be large while the
charge density tends to zero. Thus, the divergence of the electric field can be nonzero despite
enforcing Equation 2-33. The summation should be taken over all species , including any
immobile charged groups in the polymer membrane.
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In order to handle the effect of mixing on mass transfer, the electrolyte can be divided
into Nernst stagnant diffusion layers of a given thickness, , with well-mixed bulk regions in
between. There are several ways to simulate mixing by modifying the governing equations in
this region. The simplest approach is to replace the flux equations (Equation 2-26, or the
rearranged groups of fluxes due to equilibrated reactions) with a statement enforcing zero
concentration gradients:
(2-34)
One must have at least one equation containing the potential, so it is necessary to keep Equation
2-30.
Often, it is necessary to specify the total number of moles, , of a given invariant added
to the electrolyte. An example would be the total amount of acetate in a solution of acetic acid,
acetate, and protons. The concentrations of all species can be integrated with coefficients
equal to the number of groups of invariant in species :

=

,

𝑑

(2-35)

In the acetic acid example mentioned above,
would be 1 for acetic acid and acetate but 0 for
H+. The number of total amounts to be specified is equal to
, where is the
number of independent homogeneous reactions.
It is straightforward to reduce Equations 2-26, 2-27, 2-30, 2-31, and 2-34 to 1-D. To
adapt to a 1-D model, Equation 2-35 can be reformulated to give the total amount of invariant
between 0 and z:

0

,

el

𝑑

(2-36)

Here, we have integrated over directions perpendicular to z and divided by the total crosssectional area. Therefore,
will be an important boundary condition later.
The area ratio for the electrolyte,
, takes the piecewise form described in Table 2-1 and
Figure 2-4. Each piece is equal to
or
, depending on the position z.

2.5. Boundary conditions
2.5.1. Boundary conditions for electrolyte/anode interface
If

of the bulk reactions in the electrolyte are equilibrated, Equation 2-27 applies only
times, necessitating
boundary conditions. The form for Equation 2-36 has the
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first

of these boundary conditions built into it:
(2-37)
A reworked version of Equation 22 applies at both boundaries, providing the remaining
boundary conditions for Equation 2-27:
an

=

an ,E

,𝐻2

𝐻2 ,an
𝐻2

+

𝑂2 ,an

,𝑂2

(2-38)

𝑂2

Here,
is a grouping of area ratios that we have already introduced in
Table 2-1.
is the number of electrons participating in reaction 𝑙. The negative sign in
Equation 2-38 results from the geometric assumption that the fluxes in the electrolyte are
positive when flowing from anode to cathode. Note that this is the opposite of what was chosen
in the semiconductor. This choice ensures that and have the same sign. If the current
density is used explicitly as a variable, the following equation should replace one instance of
Equation 2-38:
(2-39)
In Equations 2-38 and 2-39, the current density at the electrode is broken into two pieces
that are due to the hydrogen and oxygen reactions, respectively. These current densities are new
variables, and they will be set with kinetic rate expressions dependent on the reaction mechanism
for the catalyst being studied. For the sake of generality, this work uses the following
expressions (which will also be valid at the cathode):
𝑂2 ,m

=

,𝑂2 ,m

exp

𝛼

𝐻 + ,m

,𝑂2 ,m

1 4
𝑂2 ,m,S

eq ,𝑂2

𝐻2 ,m

=

,𝐻2 ,m

1 2
𝐻2 ,m,S

𝐻 + ,m
eq ,𝐻2

cat ,m

e,m

(2-40)
𝛼

exp

exp

exp

𝛼

,𝑂2 ,m

,𝐻2 ,m

𝛼

cat ,m

cat ,m

e,m

e,m

(2-41)
,𝐻2 ,m

cat ,m

e,m

The transfer coefficients are assumed to be constant over the range of electrode potentials
studied. The new variable
is specified by setting either the current or the potential:
(2-42a)
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(2-42b)
The subscripts on the partial pressures
in Equations 2-40 and 2-41 indicate that
they are the values at the surface ( ) of the electrode . They can be computed by treating
as
domain variables according to Equations 2-26 and 2-27, but the material balance must be
modified to account for transport via bubbles and gas exhaust leaving the system.
Instead, it is possible to make several simplifications if the gases do not react in the bulk.
The equations for gas transport in this case reduce to Laplace's equation, which is easily solved
over the domain of interest. The details of this simplification are discussed elsewhere50 and have
been applied to study a membrane electrolysis cell with recirculating electrolyte.42
In summary, Equations 2-37 to 2-39 provide the required
boundary conditions
for the domain variables, while Equations 2-40 to 2-42 specify the values of new variables
introduced in those boundary conditions.

2.5.2. Boundary conditions for electrolyte/cathode interface
Equation 2-22 also provides the
ca

=

ca ,E

total boundary conditions required for Equation 2-26:
,𝐻2

𝐻2 ,ca
𝐻2

+

,𝑂2

𝑂2 ,ca
𝑂2

(2-43)

Again, one of the above equations can be replaced if the current density is used as a variable:
(2-44)
Equation 2-26 requires
boundary conditions setting the values of
.
Each is given by
, recalling that was defined as the total number of moles of invariant
in the system (see Equation 2-35). If the solution is of known composition and the membrane
has reached equilibrium with this solution, it is straightforward to calculate the equilibrium
composition in the membrane using electroneutrality, Donnan equilibrium, and any relevant
reaction equilibria. Knowing these equilibrium compositions, one can integrate to get the values
of
:
(2-45)
When passing current and concentration gradients develop, the total amount of each invariant
still must integrate to the value specified in Equation 2-45.
Equations 2-43 to 2-45 specify all the necessary boundary conditions for the domain
variables. Again, Equations 2-40 and 2-41 are used to specify the individual reaction rates that
were introduced. Finally,
is specified by the arbitrary zero of potential:
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(2-46)

2.5.3. Internal boundary conditions for electrolyte/membrane interface
At the interface between regions of aqueous electrolyte and membrane, the discontinuity
requires replacing the governing equations with a set of interfacial conditions. The first type of
condition is flux continuity, and it applies for all species assuming that no reaction occurs at
the interface:
(2-47)
When using the current density as a variable, one flux is replaced with a similar current
continuity expression:
(2-48)
The concentrations across the interface are determined by the
reaction equilibria from
Equation 2-29 and the Donnan equilibrium condition for the other
species, assuming
there is no interfacial resistance to mass transport:
(2-49)

2.6. Integrated Model with Simplified Electrolytic Transport
In certain special cases, it is possible to simplify the electrolyte transport and greatly
reduce the computational effort. These simplifications allow the effect of the electrolyte and
catalysts to be encapsulated in the boundary conditions of the light-absorber model.
Concerning the gas-crossover model, two assumptions are required. First, the reaction
rates for hydrogen oxidation at the positive electrode and oxygen reduction at the negative
electrode are so high that the overall rate of gas crossover is limited by diffusion. This
assumption is plausible because the magnitudes of the overpotentials for these reverse reactions
are very large. Additionally, assume that the hydrogen and oxygen do not undergo any
homogeneous reaction when they encounter each other in the membrane. With these two
assumptions and the 1-D geometry, the gas transport becomes
(2-50)
Here,
is the partial pressure of gas at the electrode where it is produced, and is the total
distance between the electrodes through the electrolyte. The variable
represents a permeation
coefficient, and it is defined as the product of the diffusivity and the solubility of gas in the
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material. If the membrane completely spans the gap between the electrodes,
is equal to the
permeation coefficient of the membrane. If it does not completely span the gap, then
must
take into account any additional mass transport resistance due to gas transport through the
aqueous solution.
The simplified model also requires that concentration gradients in the electrolyte are
negligible. If this is true, current flow through the electrolyte is governed by Ohm's law in 1-D:51
𝜅

(2-51)

Again, an analog of Equation 2-51 exists for the case where the membrane does not span the gap
from anode to cathode. The conductivity, 𝜅 , is taken to be a constant. Examples of cases where
concentration gradients can be neglected include concentrated acid or base electrolytes, or wellhydrated polymer electrolytes that span the gap from anode to cathode (eliminating the need for
the aqueous electrolyte). The conductivity of many polymer electrolyte membranes depends on
water content, such that water transport must also be modeled in cases where the membrane is
not uniformly hydrated.
Equations 2-22 to 2-24 are still used, and combination with Equation 2-51 yields eight
total boundary conditions. Ten boundary conditions are necessary because the six spatially
dependent variables ( , , , , , and ) are now joined by four additional variables that are
specified at a single point (
,
,
, and
). The additional two boundary
conditions come from writing an alternative version of Equations 2-40 and 2-41 for the anode
and the cathode:
k,m

=

0,k,m

exp

𝛼a,k,m

cat ,m

e,m

k,m

exp

𝛼c,k,m

cat ,m

e,m

k,m

(2-52)

In this Butler-Volmer rate expression, the exchange current density
and the equilibrium
potential
do not change with applied current density due to the neglect of concentration
gradients. The equilibrium potential is equal to the value of
when reaction is
in equilibrium at electrode (i.e.,
). This is given by the difference between the work
function of the catalyst and the absolute redox potential for the appropriate reaction in solution.52
Considering the governing equations for the light absorber and the boundary conditions
just discussed, the simplified integrated model follows the diagram in Figure 2-6.

27

Flux
BC
[2-22]

light absorber

Current Continuity [2-9]
Hole Balance [2-8]
Electron and Hole
Flux Equations [2-6, 2-7]

[2-23]

E-field and Potential [2-11]
Poisson’s Equation [2-10]

[2-24]

Flux
BC
[2-22]

[2-23]
BV an
[2-52]
Ohm
[2-51]
BV ca
[2-52]

Figure 2-6: BAND diagram for the equations and boundary conditions in the simplified
integrated model.
Boundary conditions not attached to an equation represent scalar variables that are not functions
of position. Equation numbers in square brackets reference the text. The domain includes only
the light absorber; the effect of the electrolyte is encompassed by the three additional boundary
conditions at the right boundary.
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2.7. Full Integrated Model
In cases where concentration gradients must be considered, the full set of governing
equations in sections 2.3 and 2.4 can be solved simultaneously. The boundary conditions
discussed in sections 2.3.1, 2.5.1, and 2.5.2 must be altered slightly. The potential (or current)
cannot be set separately in both domains because the two regions of the model are constrained to
operate at the same current and potential. This means that Equations 2-25 and 2-42 no longer
apply. This presents no problem because the electrode potentials,
and
, exist in both
models. This means the total number of unknowns has been reduced by two; therefore, two
fewer boundary conditions are needed.
Additionally, the arbitrary zero of potential can only be set once. Either Equation 2-24 or
Equation 2-46 must be replaced with an equation enforcing current continuity between the light
absorber and the catalyst:
(2-53)
The resulting map of equations and boundary conditions is given in Figure 2-7 below.
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30

**If gas species are not included as domain variables, gas transport should be handled with scalar variables here.14

*Current continuity given by Equation 2-53.

To save space, the flux equations have been substituted into the material balances, resulting in second-order equations. In
comparison to the simplified model in Figure 2-6, concentration gradients can now be treated. Points A-D correspond to the
schematic in Figure 2-4. Equation numbers in square brackets reference the text.

Figure 2-7: BAND diagram for the equations and boundary conditions in the full integrated model.

2.7.1. Solution methods and parameters
The final problem involves solving Equations 2-6 through 2-11 over the domain of the
light absorber for the unknowns , , , , , and . Simultaneously, Equations 2-30, 2-31,
and 2-33 are solved along with
uses of Equations 2-27 and 2-28 and
uses
of Equation 2-36 for the unknowns , , , and in the electrolyte. Boundary conditions are
chosen based on the earlier discussion. These equations are cast in finite-difference form and
solved using the BAND subroutine for coupled, nonlinear ODEs.44
Absorption data and electronic properties for silicon are widely available.53 The standard
catalysts are assumed to be platinum, for which kinetic parameters for the hydrogen and oxygen
evolution reactions are readily found in the literature.11,54 Symmetry factors were assumed to be
exactly 0.5 in Equations 2-14 and 2-15. Rate constants for the recombination reactions in the
bulk and at the semiconductor-catalyst interface were adjustable parameters in the model.

2.7.2. Experimental validation
The model is validated by comparison to experimental data. The output compares
favorably with raw current-voltage (i-V) data from a planar silicon light absorber with platinum
deposited as a HER catalyst, as shown in Figure 2-8. The material properties used for this
simulation are given in Table 2-2 and Table 2-3 and were assumed based on reported literature
values for platinum and silicon, or taken from the data reported in the published article and
supplementary information.38 The change in electric field at the surface (see Equation 2-23) was
an adjustable parameter that was set to 0, 104, 105, and 1.15×105 V/cm for the cases of 1, 0.48,
0.23, and 0.11 suns, respectively. The model was also modified to simulate a three-electrode
measurement by including a reference electrode. The reference electrode was assumed to sense
the solution potential at a given point in the electrolyte. The distance between the working and
reference electrodes was another adjustable parameter that was set to 0.3 cm.

Table 2-2: Material properties and kinetic parameters for light absorber model.*
Value
Name/description

Symbol

Unit
n-type region

p-type region

Dopant concentration - acceptors

-

3×1017

cm-3

Dopant concentration - donors

1×1016

-

cm-3

Length of semiconductor

3
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µm

Bulk recombination rate const.

5.7×1013

5.7×1013

cm3/mol-s

Surface recombination rate const.

2×107

6×108

cm4/mol-s
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Rate const. - hole transfer from
semiconductor to electrode

1×10-30

1×105

mol/cm2-s

Rate const. - electron transfer from
semiconductor to electrode

1×1015

1×10-20

cm/s

Intrinsic carrier concentration

1.45×1010

cm-3

Electron mobility

1500

cm2/Vs

Hole mobility

450

cm2/Vs

Dielectric constant

1.054×10-12

F/cm

Work function, semiconductor

4.85

eV

Work function, catalyst (Pt)

5.93

eV

Conductivity, catalyst (Pt)

9.52×104

S/cm

* The index
respectively.

indicates whether the value applies to the n-type region or the p-type region,

Table 2-3: Model parameters for the electrolyte.
Value
Name/description

Symbol

Unit
k=H2, m=ca

k=O2, m=an

Exchange current density

7.9×10-4

7.5×10-9

A/cm2

Anodic transfer coefficient

0.5

0.5

-

Cathodic transfer coefficient

2.87

0.45

-

Absorber area fraction

1

1

-

Membrane area fraction

1

1

-

Electrode surface roughness

1

20

-

Temperature

25

°C

Total system pressure

1

bar

Permeation coefficient, H2

1.6×10-11

mol/cm-s-bar

Permeation coefficient, O2

1.05×10-11

mol/cm-s-bar
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Figure 2-8: Comparison of model output to experimental data.
The curves are experimental current-voltage data for 1 sun (black), 0.48 sun (red), 0.23 sun
(green), and 0.11 sun (blue) illumination, taken from the results of Boettcher et al. for a planar
n+/p c-Si photoelectrochemical cell with Pt as a HER catalyst.38 The model output is given for 1
sun (black triangles), 0.48 sun (red Xs), 0.23 sun (green squares), and 0.11 sun (blue diamonds).
The slight mismatch in current density for a given potential could be due to the difference
between the AM 1.5G reference spectrum used in the model and the ELH light source used in the
experiments.55 Another slight difference is that the experimental data show a shallow slope for
the current density in the light-saturated region, while the model shows a very flat, stable current
plateau. This could indicate a small shunt current that the model does not capture, and it is
possible that shunt pathways could have been introduced in the creation of the buried junction or
the deposition of the platinum catalyst. Despite these small discrepancies, the fit to the data is
adequate.
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3. Impact of Electrolyte pH on Photoelectrochemical Cell
Performance

3.1. Approach
This chapter seeks to evaluate how changing the pH of the electrolyte affects the
operation of a photoelectrochemical cell. The study focuses mainly on acidic electrolytes,
although the analogous argument applies in basic media. Two types of electrolyte are studied:
supported dilute acid and pH buffers. The aim is to see how changing the electrolyte affects the
operating current density and potential of a PEC and to define ranges of pH where it is possible
to operate at high efficiency.
We approach the problem by measuring the steady-state current-potential relationships
for a membrane electrolysis cell with various aqueous electrolytes. The geometry is a simple
planar cell like the one pictured in Figure 3-1. A numerical model is validated against the data
and subsequently used to predict trends in behavior for a series of electrolytes over a range of pH
values.

Figure 3-1: Geometry for the 1-D model.

3.2. Contributions to the cell potential
When operating the electrolysis cell away from equilibrium, we can relate the cell
potential to the difference in electrochemical potential of the electrons at the cathode and anode:
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3(
54)
Subscript an designates the anode, ca the cathode. We take the reactions in acid:
3(
55)
3(
56)
When passing current, the reactions are not equilibrated. The imbalance in electrochemical
potentials between reactants and products is called the kinetic overpotential, indicated by ,
where
or ca:
3(
57)
3(
58)
With a dilute solution approximation, we can write the electrochemical potential for species i:
3(
59)
where is the charge number for species . Combination and rearrangement of Equations 3-54
and 3-57 through 3-59 permits grouping the terms as the standard cell potential, two terms with a
Nernst-like
dependence, a difference in solution potentials, and the kinetic
overpotentials:
3(
60)
Here we see that the standard cell potential,
shown in Chapter 1.

, is given by

as

The first Nernst-like term in Equation 3-60 is due to differences of the partial pressures of
hydrogen and oxygen from 1 bar. Any attempt to evolve hydrogen and oxygen at higher
pressure will thereby increase the cell potential. The second Nernst-like term is due to
concentration gradients of protons due to the passage of current and is part of the concentration
overpotential. Because
(or
) participates in the electrode reactions, any change in pH
between the anode and cathode will result in a change of the open-circuit potential for the cell,
thereby affecting the total cell potential when passing current. Thus, both Nernst-like terms
reflect changes in the cell potential due to changes in the concentrations of reactants and
products. The grouping is done this way to isolate the pH-dependent term because the operating
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conditions of these devices can lead to a large pH gradient, but probably lower overpressures of
hydrogen and oxygen unless the flow of gases away from the device is restricted.
The next term is the difference in solution potential between the anode and the cathode.
This term is calculated using the numerical model of ion transport in the system that was
described in Chapter 2. Many factors influence the value of this term, including ohmic losses
and a diffusion potential due to composition variations. Following this, the ohmic losses in the
solution can be separated:
𝜅

3(
61)

𝜅

Here, is the current density in the electrolyte, the lengths are shown in Figure 3-1, and the
conductivities are those of the bulk solution on either side of the membrane, given by
3(
62)

𝜅
The concentration profiles were solved simultaneously with the potential profile using the
aforementioned numerical model.

Finally, there are the two kinetic overpotentials. In general, these can be related to the
reaction rate through a kinetic model which may have multiple elementary steps (e.g., the
Volmer-Heyrovský-Tafel mechanism for the hydrogen evolution reaction).1–3 In this work, a
general Butler-Volmer rate expression is used:4
𝛼

𝛼

(3-63)

Here, the current is assumed to be proportional to the concentration of
to the power
,
which could be called an apparent reaction order for protons. We avoid the use of the term
"reaction order," as this should be reserved for an elementary step.
is the exchange current
density at a reference concentration of
. If one assumes symmetric transfer coefficients
(i.e., 𝛼
𝛼 ), Equation 3-63 can be inverted analytically,5 but in general, the overpotentials
must be calculated using an iterative process.

3.3. Comment on electrolyte pH
Because of the presence of the membrane, the meaning of the solution pH must be
discussed more carefully. The pH used in these figures is the value of the pH of the solution in
contact with the membrane, allowing both to equilibrate. In this state, ions will selectively enter
the membrane until the electrochemical potentials for each ion are equal in both phases. This is
known as Donnan equilibrium. The potential difference that develops between the membrane
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and the solution can be calculated by specifying the composition of the electrolyte solution, then
simultaneously satisfying electroneutrality, Donnan equilibrium, and any reaction equilibria.

3.3.1. Solution composition at equilibrium
When the solution and the membrane are equilibrated, the solution composition must
satisfy electroneutrality:
(3-64)
as well as any reaction equilibria for
bulk reactions. This leaves
concentrations
to be specified. These are specified by knowing the quantities of the components added to the
solution with which the membrane is equilibrated.
For example, consider the case of H2SO4 supported with K2SO4. One might create a
solution with a known concentration of K2SO4 (e.g., 0.5 M), then add H2SO4 until the pH reaches
a certain value. This sets the concentration of
and
in the system. Then, the
and
concentrations can be calculated from Equation 64 and the sulfate-bisulfate equilibrium.
Once the solution composition is known, the concentrations for all species in the membrane
can be calculated from electroneutrality (including charged groups on the membrane),
reaction equilibria, and
Donnan equilibria.

3.3.2. Solution composition when passing current
When solving the model equations for current densities other than zero, the bulk solution
compositions on either side of the membrane shift away from their values at equilibrium. At this
point, an equation is needed to yield a boundary condition applicable at any current density. The
physical basis for such a boundary condition is that a reacting electrolyte has a certain number of
invariants in the system. This was previously discussed in The number of invariants is equal to
. Each independent homogeneous reaction removes a degree of freedom, and one is
lost due to electroneutrality. In general, the invariant being set might be present in several
different species with weighting factors
, such that the general conditions that set these
concentrations are
(3-65)
The values of are obtained by integrating over the entire domain for the equilibrium
composition that was solved in section 3.3.1. The value of remains unchanged when passing
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current.6
In the earlier example of H2SO4/K2SO4, the invariants are potassium and sulfur. In the
case of potassium,
while
,
, and
are zero. For sulfur,
and
are one while
and
are zero.

3.4. Diffusion layers and mixing
Mixing in electrolysis cells can occur due to bubble motion, thermal gradients, or other
external sources. The thickness of the diffusion layer is a critical parameter in these systems in
order to specify the rate of mass transport to the electrode surface. Many have studied the impact
of bubble formation and motion on the rate of mass transfer to the electrode, typically using
facile redox couples (e.g.,
). Fouad and Sedahmed showed that geometric
factors impact the thickness of diffusion layers, often in unintuitive ways.7 The diffusion layer
thickness, , was measured as a function of current density. For electrode-separator spacings
above 4 cm, went through a minimum at a current density of 10 mA/cm2, where the minimum
value of depended on the separator spacing. Furthermore, was also not a monotonic function
of electrode-separator spacing. Values were on the order of 10 to 150 µm for vertical Ni
electrodes evolving H2 or O2.
Janssen and Barendrecht studied a horizontal disk electrode with multiple concentric
rings, noting the impact of gas evolution at the disk on the rates of mass transfer to the disk and
to the rings.8 For current densities relevant to PEC with zero or modest light concentration (i.e.,
10 to 100 mA/cm2), the diffusion-layer thicknesses were again from 10 to 100 µm at the disk.
Janssen was later able to measure the mass-transfer coefficient of
to vertical Ni
9
electrodes with and without the presence of a forced convection stream. The reported masstransfer coefficients at 50 mA/cm2 lead to diffusion-layer thicknesses running from 6 to 80 µm,
depending on electrode length. From these data sets, it is clear that the diffusion-layer thickness
should be specified for a regime appropriate to the rate of bubble generation, which is
proportional to the current density. Additionally, the diffusion-layer thickness depends on
geometrical factors so that its value and the current-density dependence must be measured for
each experimental design considered.
To simulate the impact of mixing on the system, Nernst stagnant diffusion layers are used
in this work. An example of the impact of diffusion-layer thickness on the limiting current
density is given in Figure 3-2 for the simulated case of a pH 1 mixture of H2SO4 and K2SO4 with
ionic strength equivalent to pH 0 H2SO4. The ionic strength, , is defined by the equation
(3-66)
Note that this is a "true" ionic strength because it sums over all species that are present in
solution. This information is not available from the stoichiometric quantities of the components
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that were added; instead, assumptions must be made about the speciation in solution and all
related dissociation constants. To a good approximation at concentrations below 10 M, the first
proton in H2SO4 is completely dissociated.10 The dependence of the second dissociation constant
of sulfuric acid on ionic strength can be matched with a modified Debye-Hückel correlation:
.3 Using this relationship, the pH 0 H2SO4 is then
calculated to have a "true" ionic strength of 1.2 M and an equilibrium constant of 0.383.
Parameters used in calculating the solution potential drop are given in Table 2-1.
Diffusion coefficients for each species in the aqueous electrolyte were taken from the dilutesolution limit for the specific ion conductance. For the case of sulfate, the diffusion coefficients
for all K2SO4 species were scaled according to the correlation of Mullin and Nienow.11
Additionally, the dissociation constant for bisulfate was assumed to take the same value as that
of an H2SO4 solution of the equivalent pH, using the above Debye-Hückel correlation. Use of
these correlations was able to account for the decreased conductivity of K2SO4 at 25°C relative
to dilute-solution predictions. For the membrane, all diffusion coefficients were scaled by a
constant that gave a conductivity equal to the reported conductivity for Nafion in an appropriate
form (acid or salt) using Equation 3-62.12

Table 3-4: Model parameters and physical properties
Value
Name/description

Symbol

Distance from electrode to
membrane

Reference
Anode/O2

Cathode/H2

0.8 cm

0.8 cm

Electrode roughness factor

1

Diffusion layer thickness

100 µm

100 µm

Exchange current density

2×10-8 A/cm2

7.9×10-4 A/cm2

13,14

Anodic transfer coefficient

𝛼

1

2.87

13,14

Cathodic transfer coefficient

𝛼

1

2.87

13,14

0.5

0

15

Apparent reaction order
Membrane charge group
concentration

1.8 M

Membrane thickness

175 µm

Temperature

298.15 K

Total system pressure

1 bar

42

Note that the transfer coefficient and exchange current density used for hydrogen
evolution are a fit to the data of Hickling and Salt for platinized platinum over the range of
current densities used in this work.14 The transfer coefficient was assumed to be symmetric,
which is a good assumption in light of the symmetry of the data summarized by Vetter for both
anodic and cathodic polarization.16 It is likely that the data are not truly in a Tafel range due to
the value of the transfer coefficient exceeding the number of electrons transfered.3 This might
have been expected due to the very low overpotentials on Pt. Because the data are
approximately linear on a Tafel plot, we use this approximation. The catalyst properties at the
anode are for iridium oxide. Because the overpotentials are large, no guarantee can be made that
the reaction mechanism is the same in the anodic and cathodic directions. The intuition that the
transfer coefficients might sum to the number of electrons transferred is once again violated.
The plateau region in the current density at high applied potentials can be seen clearly in
Figure 3-2, indicating that the proton concentration has been driven to zero at the cathode. In
such extreme conditions, one could include the kinetics for Equations 3-55 and 3-56 written in a
basic environment, in which case it is possible to break through the limiting current plateau and
pass more current.17 For hydrogen evolution, this corresponds to switching reactants from
protons to water molecules. In this case, the equation for cell potential has changed:
(3-67)
Because Equation 3-56 has been replaced, the equilibrium cell potential is now
.
The difference
is due to the change from acidic to basic conditions and is
equal to
, where
in this case. Since this represents an unacceptable
energy loss for the purpose of photoelectrochemical energy conversion, these additional
reactions are neglected in this model.
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Figure 3-2: Impact of diffusion layer thickness, HClO4.
Electrochemical load curves for several diffusion layer thickness for a HClO4/NaClO4 electrolyte
at pH 1 and 1 M ionic strength (0.1 M HClO4, 0.9 M NaClO4).

Figure 3-3: Impact of diffusion layer thickness, HClO4, low current.
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Figure 3-4: Impact of diffusion layer thickness, H2SO4.
Electrochemical load curves for several diffusion layer thicknesses for a H2SO4/K2SO4
electrolyte at pH 2 and 1.2 M ionic strength (0.097 M H2SO4, 0.43 M K2SO4).
The electrochemical load curves in Figure 3-2 and Figure 3-3 clearly demonstrate that the
primary effect of increasing the diffusion-layer thickness is to decrease the limiting current
density, as expected. This effect is more clearly summarized in Figure 3-5, where the trend is
shown for 0.1 M HClO4/ 0.9 M NaClO4 over a range of diffusion-layer thicknesses in harmony
with the literature values reported earlier.7–9 If no membrane is present, the solution closely
matches the linear prediction

, where the bulk concentration of protons is equal to

the equilibrium proton concentration,
. If a membrane is present, there will be a difference in
the bulk concentration of
between the anode and cathode compartments. If the change in
concentration across the membrane is very small (e.g., if the diffusivity in the membrane is very
large, the membrane is very thin, or the current density is very low), then the values of
on the anode side and the cathode side at limiting current will be approximately
and
, respectively. Then, the linear prediction due to proton diffusion would be
.
The value in the denominator is
in the case of no membrane and
if a membrane
is present. The factor of two exists because the presence of the membrane introduces two new
stagnant diffusion layers, one on the anode side and one on the cathode side (see Figure 3-1).
This explains why Figure 3-5 and Figure 3-6 use the definition
if there is no membrane
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and

if a membrane is present. The deviation from the typical linear correlation

occurs due to the difference in composition across the membrane. Because of the
need to balance diffusion and migration of nonreactive species through the membrane and its
surrounding stagnant layers, a concentration gradient between the two chambers develops when
passing current. This is closely related to previous evidence of the effect of concentration
gradients on mild pH water-splitting systems.18

Figure 3-5: Dependence of limiting current density on thickness of diffusion layer,
HClO4/NaClO4
The electrolyte is 0.1 M HClO4 and 0.9 M NaClO4 (pH 1 and 1 M ionic strength). Dashed red
lines correspond to the linear relation
, where
and is the
total diffusion layer thickness on either side of the cell, defined in the text. Solid black lines are
the model solution without a membrane, and dotted blue lines are the model solution with a
Nafion membrane.
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Figure 3-6: Dependence of limiting current on thickness of diffusion layer, H2SO4/K2SO4.
Model solution for 0.097 M H2SO4 and 0.43 M K2SO4 (pH 2, 1.2 M ionic strength). Dashed red
lines correspond to the linear relation
, where
and is the
total diffusion layer thickness on either side of the cell, defined in the text. Solid black lines
have no membrane, and dotted blue lines use a Nafion membrane.

3.5. Current due to shuttling of buffer species
In the case of H2SO4/K2SO4 (see Figure 3-6), the current passed in the model exceeds the
prediction due to diffusion of H+. This can be understood with the help of Figure 3-7. The flux
of protons accounts for only part of the total current; the buffer is also able to support current by
having the sulfate and bisulfate move in opposite directions. This behavior is analogous to a
conveyor belt for protons, where protonated species and deprotonated species form a loop that
causes a net current. A similar technique is used for oxidized and reduced species in the area of
redox shuttles, which are used in lithium-ion battery characterization19 and overcharge
protection.20–22
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Figure 3-7: Schematic for division of current between protons and buffer species.
Buffer current is due to flux of protonated and deprotonated species in opposite directions,
analogous to a conveyor belt.
The magnitude of the proton and buffer currents are given in Figure 3-8 for the example
case of supported pH 2 H2SO4. At the anode, the current is primarily carried by protons since
they are generated at the electrode. It appears that the flux of the buffer species is nonzero at the
boundary. This would violate the boundary conditions that set the flux proportional to the
reaction rate for each species, since we have assumed that protons are the only reacting species.
This occurred because equilibrating the reaction forced a redefinition of the flux variables into
groups of fluxes that are codependent. However, recall from Chapter 2 that there is actually a
thin reaction layer over which the bisulfate/sulfate reaction equilibrates. The details of this
reaction layer are not considered in this model, but have been considered before.23
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Figure 3-8: Current carried by protons and buffer species versus position.
The electrolyte is 0.097 M H2SO4 and 0.43 M K2SO4 (pH 2, 1.2 M ionic strength). Total current
(black line) remains constant at all locations. Reaction between protons, sulfate ions, and
bisulfate ions throughout the domain causes a shift in which species carries the current. Near the
anode, the current is primarily due to proton transport. Near the cathode, the buffer carries the
majority of the current.
By the time the species reach the cathode, reaction in the diffusion layers has caused the
majority of the current to be carried by the buffer. Figure 3-9 shows how the amount of current
carried by the protons and the buffer differs from the anode to the cathode as a function of
diffusion-layer thickness when no membrane is present. Figure 3-10 shows the same when a
Nafion membrane is used. In fact, if there is no membrane present, Figure 3-9 shows that the
current carried by the protons at the cathode is less than that predicted by
.
Because the electrolyte has some buffer capacity, it is possible to pass more current than would
be predicted by diffusion of protons alone.
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Figure 3-9: Division of current between protons and buffer species, no membrane.
c) Fraction of current carried by protons and buffer at the anode and the cathode with no
membrane. The electrolyte is the same supported sulfate system as in Figure 3-6 above.
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Figure 3-10: Division of current between protons and buffer species, Nafion membrane.
Fraction of current carried by protons and buffer at the anode and the cathode with a Nafion 117
membrane. The electrolyte is the same supported sulfate system as in Figure 3-6 above.
For the remainder of this study, diffusion-layer thicknesses were chosen to match the rate
of bubble formation (i.e., current density) for the case being studied, in accordance with the
available literature data. Typical values were around 100 µm.

3.6. Cell potential
3.6.1. Experimental validation
Figure 3-11 shows experimental current-potential data for a membrane electrolysis cell.
The membrane was Nafion 117, and both electrodes were platinum foils. Each data point
represents the steady-state current at the given applied potential, time-averaged to account for
significant variation due to bubble generation. The model fits these data using the values already
mentioned, with the only changes being listed in Table 3-5. The thickness of the diffusion layer
was the only adjustable parameter, and it labels each curve. In designing and optimizing a PEC
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to produce solar fuels, it would be important to characterize the dependence of diffusion-layer
thickness on current density and gas evolution rate experimentally, as this relationship depends
non-trivially on the geometry of the cell being optimized.7 However, this step is not necessary
for the purpose of demonstrating trends in device operation approaching neutral pH.
The weakest fit to the data is in the case of the pH 1.5 H2SO4/K2SO4, which does not
match the observed data at current densities below the limiting current. This could be due to a
change in the thickness of the platinum oxide layer at the surface relative to the other curves.24
The apparent exchange current density depends on oxide layer thickness, which we attempted to
control by polarizing the electrode for a few hours at the highest potential reported for each curve
before collecting the data in order of decreasing applied potential. It is possible to fit this curve
by adjusting the value of
to 1×10-12 A/cm2, indicating that a thicker oxide layer was present
for this run. It is also possible to fit all the data slightly better by increasing the reaction order,
but further mechanistic studies would be necessary to justify this change.
It is also notable that the diffusion-layer thickness used to fit the curve for the supported
pH 1.5 case was higher than that of the unsupported pH 2 case, despite the former having a larger
limiting current density. This is probably due to a breakdown in the ability to use the correlation
of Mullin and Nienow to scale the transport properties, as this scaling was developed for K2SO4
in the absence of H2SO4. Accurate data on the H2SO4/ K2SO4/water system could resolve this
discrepancy, but such data was not found in the literature.

Table 3-5: Model parameters for dilute and supported H2SO4 data
Value [units]
Name/description

Symbol
Anode/O2

Cathode/H2

Distance from electrode to membrane

0.3 cm

0.3 cm

Exchange current density

1×10-10 A/cm2

7.9×10-4 A/cm2

Anodic transfer coefficient

𝛼

0.49

2.87

Cathodic transfer coefficient

𝛼

0.49

2.87
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Figure 3-11: Experimental validation of the model.
Triangles represent pH 1.5, squares represent pH 2. Open symbols are H2SO4 only, while filled
symbols are 0.42 m K2SO4 with H2SO4 added to reach the indicated pH. The thickness of the
diffusion layer (in µm) used in the simulation labels each curve.

3.7. Model results for dilute acid with supporting electrolyte
In the case of highly acidic conditions, voltage losses are comparatively low, and
electrode kinetics are the dominant losses in the system. This is represented clearly in Figure
3-12 and Figure 3-13, where the curves for both HClO4 and H2SO4 at pH 0 show an exponentialtype behavior characteristic of kinetic overpotential losses. In this regime, the overall potential
to operate at a given current density is comparatively low, provided the kinetic rate at the
electrode is sufficiently fast. Therefore, if it is possible to avoid corrosion, it is preferable to
utilize a concentrated acidic (or basic) solution. On the other hand, the need to avoid corrosion
might drive one to operate closer to neutral pH. The remaining load curves in these figures
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indicate the effect of shifting the pH toward more neutral conditions. As expected, lowering the
electrolyte concentration increases potential losses in the system since there are fewer ions
available to conduct current.

Figure 3-12: Simulated load curves for dilute HClO4 at selected pH values.
For this figure and for Figure 3-13 through Figure 3-15, the composition can be calculated as
described in the text. Each curve is labeled with the pH of the electrolyte when no current is
being passed. A Nafion 117 membrane was used along with the properties in Table 2-1.
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Figure 3-13: Simulated load curves for dilute H2SO4 at selected pH values.
Each curve is labeled with the pH of the electrolyte when no current is being passed. A Nafion
117 membrane was used along with the properties in Table 2-1.
One might try to counteract the ohmic potential losses by adding some supporting
electrolyte to raise the conductivity of the solution. This was the role of the NaClO4 used
previously in Figure 3-2 (and the K2SO4 in Figure 3-4). The results for supporting electrolyte are
shown in Figure 3-14 and Figure 3-15. For comparison, one curve without supporting electrolyte
was included. This makes it clear that adding supporting electrolyte in the model diminishes the
potential losses at low current densities.
Because the supporting electrolyte is another component added to the system, another
constraint in the form of Equation 3-35 must apply. Therefore, the "true" ionic strength given by
Equation 3-66 was set to be the same as that of the acid at pH 0. In each of these cases, the
stoichiometric amounts of acid and supporting electrolyte can be calculated by using Equation 366, electroneutrality, the known concentration of protons (set by the pH), and the reaction
equilibrium for bisulfate dissociation. For example, if considering K2SO4/ H2SO4 at pH 2, the
stoichiometric amounts are 0.43 M K2SO4 and 0.097 M H2SO4. While the conductivities of the
solutions are not exactly equal under this constraint because of the lower diffusivities of Na+ and
K+ relative to H+, it is not possible to match the conductivity of 1 M HClO4 without exceeding
the solubility limit of NaClO4 at room temperature.
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Figure 3-14: Simulated load curves for HClO4 supported with NaClO4.
The "true" ionic strength used here is 1 M. Each curve is labeled with the pH of the electrolyte
when no current is being passed. A Nafion 117 membrane was used along with the properties in
Table 2-1.
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Figure 3-15: Simulated load curves for H2SO4 supported with K2SO4.
The "true" ionic strength used here is 1.2 M. Each curve is labeled with the pH of the electrolyte
when no current is being passed. A Nafion 117 membrane was used along with the properties in
Table 2-1.
However, it is also clear that adding supporting electrolyte lowers the limiting current
density. As a result, at high potentials, the unsupported case produces more current than the
supported case. This is expected due to the effect of migration on the limiting current.25 Adding
supporting electrolyte reduces the electric field, lowering the ohmic losses in the system as
desired. The counterargument is that the ability of the electric field to drive ions toward the
electrode is diminished. The ions must rely on diffusion only in this case. In fact, if the
nonreacting ion also does not participate in any bulk reactions, the contributions of diffusion and
migration must cancel exactly in order to support zero flux for the nonreactive species. For a
stagnant diffusion layer and a fully dissociated electrolyte, a ratio of 2 is expected for the
limiting current with zero supporting electrolyte divided by the limiting current in excess of
supporting electrolyte.25 This expected result was confirmed by removing the membrane from
the geometry and running the model for HClO4 with and without supporting electrolyte. This
ratio is not equal to 2 when the membrane is present due to additional concentration gradients
that develop across the membrane, as discussed earlier along with Figure 3-5.
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For the case of unsupported acid, running into the limiting current is not the real concern
for most PEC devices. Studying Figure 3-12a and Figure 3-12c, one does not see a limiting
current at any of these four acid concentrations within this window of current density and
potential. For the high concentrations of acid, the limiting current is high enough that the
absorber power curve of any conceivable light absorber would cross in the kinetic-limited
regime. For the dilute cases, the conductivity is low enough that the absorber would cross in the
ohmic-limited regime. This should hold true even with moderate solar concentration and a highefficiency cell. For example, the limiting current density for the pH 1 H2SO4 solution with a
Nafion 117 separator and 100 µm diffusion layer thickness is calculated to be 71 mA/cm2, but
the potential where limiting current is reached is around 5 V.
In contrast, the limiting current is certainly a concern for the case of supporting
electrolyte. In Figure 3-12b and Figure 3-12d, the load curves increasingly exhibit transport
limitations as the pH moves toward neutral conditions. The model predicts that, in comparison
to supported HClO4, supported H2SO4 can go further toward neutral pH before the limiting
current drops below a given limit. For instance, the limiting current drops below 20 mA/cm2 at
pH 1 for supported HClO4 and pH 1.7 for supported H2SO4. This is due to the partial
dissociation of the second proton. Here, the assumptions included a constant diffusion layer
thickness of 100 µm and a constant value of 0.01 mol/L for the equilibrium constant for bisulfate
dissociation.
To verify the cause of the limitations in the load curves, it is useful to identify the
individual contributions to the cell potential. This is possible by using Equations 3-60 to 3-63
and the concentration and potential profiles calculated by the model. Figure 3-16 shows that the
ohmic limitations of dilute HClO4 can be corrected by adding supporting electrolyte, but this
causes the pH-dependent term in the cell potential to activate much sooner due to the reduced
effect of migration on the limiting current. The ratio of the limiting current in both cases is not
two because of the presence of the membrane.
Furthermore, these plots were shown for the apparent reaction orders
according to Equation 3-63, emphasizing that this is not due to any kinetic dependence on pH,
but is rather due to the impact of pH on the thermodynamic potential for water splitting.
Including a positive reaction order for protons will cause the anodic overpotential to bend over at
the same value for current density, making the situation even worse.
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Figure 3-16: Comparison of potential losses for HClO4 at pH 1.5.
Details of cell are the same as for Figure 3-12. Each curve corresponds to a specific term in
Equation 3-60. "Thermodynamic" is the equilibrium cell potential at the reference state,
.
"pH" is the Nernst-like term that depends on the proton concentration. The "ohmic" term is
given by Equation 3-61, and it is the dominant contribution to the term
. The
remainder of the term
is due to potential drop over the membrane as well as
concentration overpotentials related to differences in diffusion coefficients, and it is not plotted
because it is close to zero. The terms for anode and cathode overpotentials are
and
,
which are determined by Equation 3-63.
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Figure 3-17: Comparison of potential losses for supported HClO4 at pH 1.5.
Details of cell are the same as for Figure 3-12. Electrolyte is HClO4 supported with NaClO4 at
pH 1.5 and 1 M ionic strength (stoichimetrically 0.032 M HClO4 and 0.968 M NaClO4). The
labels on each curve are described in the caption for Figure 3-16.

3.8. Model results for buffer electrolyte
To study the effect of buffer electrolytes, a convenient formalism is to consider a solution
composed of a weak acid, its conjugate weak base, a co-ion or counter-ion, and either H+ or OH-.
As an example case, we study boric acid, with borate as the conjugate base and potassium as the
counterion. Because the pKa = 9.2 for boric acid, OH- is chosen.
Load curves for the borate buffer are shown in Figure 3-18. Removing the membrane
decreases the potential losses but increases the amount of gas lost to crossover, which causes the
location of the point of zero net H2 production (the start of the curve) to shift visibly upward.
The first plateau visible in the curve with an anion exchange membrane (AEM) occurs due to
exhausting the buffer capacity, which affects the pH-dependent term of the cell potential (see
Figure 3-18b). This sharp initial plateau is not seen in the simulated case with no membrane.
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Instead, there is a gradual transition over the range of 20 to 70 mA/cm2. The buffer does not
become exhausted when using Nafion. When a CEM is used in a system where anions are the
primary current carriers, the limiting current is encountered before the buffer capacity can be
depleted. Exhaustion of buffer capacity will be discussed further in the section on solution pH.

Figure 3-18: Current-potential relationships for a buffer electrolyte.
Load curves for buffer electrolytes composed of 0.5 M boric acid (B(OH)3) and 0.5 M potassium
borate (KB(OH)4). A pH 14 KOH electrolyte with an anion exchange membrane is shown for
comparison. The AEM membrane assumed the same properties as Nafion but with positive
charge groups.
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Figure 3-19: Components of the cell potential for a borate buffer electrolyte.
Electrolyte is composed of 0.5 M boric acid (B(OH)3) and 0.5 M potassium borate (KB(OH)4)
with an AEM described in Figure 3-18. The labels on each curve are described in the caption for
Figure 3-16.

3.9. Solution pH
3.9.1. Model results for dilute acid with supporting electrolyte
The pH at the electrode surface is the important factor for determining rates of corrosion
and long-term stability. Model results in Figure 3-20 show that the pH at the electrode surface
can be driven to a value different from that of the bulk electrolyte, especially at a significant
fraction of the limiting current. This could affect the stability of catalysts or other components.
In the case of supporting electrolyte, the pH swing is always more dramatic on the side that is
pushing toward neutral pH, which agrees with intuition. Each family of curves has a similar
shape to the pH 2 case, but the limiting current varies widely for each case. Thus, the magnitude
of the pH swing at a given current density is highest for the electrolyte closest to pH 7. The bulk
pH was measured for the case of supported pH 1.5 and 2.1 discussed earlier along with Figure
3-11, and the values are reasonably close to the model predictions.
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Figure 3-20: Magnitude of pH swing.
Plot of pH in both bulk regions (dotted curves) and at the electrodes (solid curves) as a function
of current density for 1 M ionic strength solutions of H2SO4/K2SO4. The equilibrium solution
pH for each family of four curves is the y-intercept. Because the cathode becomes basic while
the anode is acidified, the higher curves for each electrolyte grouping correspond to the cathode
(see Equations 55 and 56).
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Figure 3-21: Experimental data (asterisks) and model predictions for the bulk pH
The electrolytes are supported H2SO4 at pH 1.5 and 2.1, the same as in Figure 3-11.
3.9.2. Model results for buffer electrolyte
When passing current in a system with borate buffer, electrodialysis occurs such that the
anode is enriched in the boric acid and the cathode is enriched in the borate anion. When using
an AEM, the anions selectively partition into the membrane. The boric acid does not undergo
Donnan exclusion because it is a neutral species. Therefore, one would expect the neutral species
to run into transport limitations across the membrane first. This is indeed seen in Figure 3-22,
where the boric acid concentration is driven close to zero on the cathode side while the
partitioning of borate is relatively mild. The result is that the buffer capacity in the cathode
chamber is exhausted, and the pH of the cathode bulk and surface will tend to become basic (see
Figure 3-23 and Figure 3-24). One could attempt to delay the onset of this pH swing by
increasing the concentration of B(OH)3/KB(OH)4 to raise the buffer capacity. However, a
tradeoff exists because one must not violate the solubility limit of boric acid (5.46 g/100 g at
25°C)26. The current at which the solubility limit was violated at the anode is given in Table 3-6
for various electrolyte concentrations, along with the current where the buffer capacity is
exhausted. This current is also impacted by the membrane and diffusion-layer thicknesses as
well as the transport properties of the species in those diffusion layers, but tuning these
parameters experimentally would be difficult. The diffusion-layer thickness is set by the
geometry and bubble-formation rate, the necessary membrane thickness is strongly coupled to its
gas-blocking properties, and the diffusivities should be close to or below their values in aqueous
solution.
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Table 3-6: Limits on current density due to solubility*
V where
at anode [V]

i to exhaust
buffer [mA/cm2]

4.75

1.77

5.5

0.3

22.9

3.08

3

100

0.48

4.6

1.82

4.6

100

0.5

4.20

1.75

5

100

0.8

1.59

1.56

7

200

0.5

3.89

1.77

4

Diffusion layer
thickness [µm]

[M]

30

0.5

100

i where
at anode [mA/cm2]

* Anion exchange membrane used, with electrolyte equimolar in B(OH)3 and KB(OH)4 , where
the concentration of both is given in column 2. The rightmost column corresponds to the location
of the pH swing in the cathode on a plot like Figure 3-22c.

To summarize the findings of Table 3-6, it is necessary for the current to remain below
both the limit due to solubility and the limit due to the buffer capacity. Increasing the electrolyte
concentration raises the current limit due to buffer capacity but lowers the current limit due to
solubility, imposing an optimum of 4.6 mA/cm2 for an electrolyte that is 0.48 M in both boric
acid and potassium borate. Increasing electrolyte concentration also decreases the potential
necessary to achieve this current. Decreasing the diffusion-layer thickness at constant electrolyte
composition increases both current limits, but only slightly.
If a CEM is used, the borate will have transport limitations across the membrane before
the boric acid. In this case, the cathode bulk is enriched in borate but still has some boric acid;
thus, it remains relatively buffered. Meanwhile, the anode is depleted in borate, causing the
ohmic losses to increase along with the pH-dependent losses. These combined effects lead to an
early onset of the limiting current, before buffer capacity is lost on the cathode side. Such
conditions are unattractive for running a device, although it has been shown that recirculating the
electrolyte allows for current to be carried by cations across the membrane and anions in the
diffusion layers, significantly raising the limiting current density.27

65

Figure 3-22: Concentration and pH effects for the buffered system of Figure 3-18 with an AEM.
Concentration profiles across the cell at a current density of 6 mA/cm2. Since the diffusion-layer
thickness is 100 µm, only bulk concentrations are clearly visible.
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Figure 3-23: Concentration profiles in the diffusion layer near the cathode, borate buffer.

Figure 3-24: Plot of pH at different locations as a function of current density.
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3.10. Efficiencies and gas purity
Changing the diffusion-layer thickness in Figure 3-2 primarily impacted the limiting
current, but it also increased the potential losses at a given value of current density. These
potential losses are also due to the concentration gradients that form. Figure 3-25 shows that the
voltage efficiency limits the overall electrolysis efficiency for a current density of 10 mA/cm2.

Figure 3-25: a) Efficiency of the cells from Figure 3-2 at a current density of 10 mA/cm2.
Figure 3-3 shows a close-up of the region of low current density. This highlights the fact
that each curve jumps from zero current density to a positive value at a certain potential. This
effect is due to gas crossover.28 At potentials below where this jump occurs, no gas is collected
because all gases that are produced are lost to crossover. Notice that the potential where this
jump occurs decreases as the diffusion-layer thickness increases. This is because the amount of
mixing affects the transport of the dissolved product gases in addition to the ionic species.
As a result, the current efficiency should increase as diffusion-layer thickness increases,
which is shown in Figure 3-25 for 10 mA/cm2 and Figure 3-26 for 1 mA/cm2. For higher current
densities, enough gas is produced that the amount lost to crossover is less significant, even for
thin diffusion layers. However, if the device is constrained to operate at low current densities
(perhaps by use of inefficient light absorbers or ineffective catalysts), the current efficiency
becomes the dominant factor in overall device performance. This low current efficiency is due
to gas crossover. Figure 3-27 shows how these efficiencies vary for a given diffusion-layer
thickness.
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Figure 3-26: Efficiency of the cells from Figure 3-2 at a current density of 1 mA/cm2.

Figure 3-27: Efficiency of the cell from Figure 3-2 with 100 µm diffusion-layer thickness as a
function of current density.
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It should also be noted that not all the gas that crosses over is consumed at the opposite
electrode. This results in contamination of the product and waste streams, as shown in Figure
3-28. This is not a large problem at 10 mA/cm2 where there is less than 1%v/v (percent by
volume) O2 in the H2 stream and 2%v/v or less H2 in the O2 stream. In this case, the rate of gas
production is large enough to dominate the rate of gas crossover and the exit gas streams are of
relatively pure composition. However, at 1 mA/cm2, there is about 4 to 5%v/v O2 in the H2
stream, and 7-10%v/v H2 in the O2 stream. This violates the explosive limit for mixtures of H2 in
O2, which has been reported as 4-94%v/v for an arc ignition source. Some have suggested
relaxing this limit when considering more realistic ignition sources such as common electric
appliances.29 Due to safety concerns, it is recommended to take the more conservative approach.

Figure 3-28: Amount of impurity in exit streams.

It should be noted that the composition of the gas streams also depends on the rate of
consumption of crossover gases at the electrodes. This can be influenced by electrode placement
and diffusion-layer thickness. In this study, kinetics for hydrogen consumption at the anode and
oxygen consumption at the cathode were assumed to be extremely fast, leading to transportlimited currents. In a wireless absorber-in-membrane device, if the mass-transport limitations to
catalyst particles on either side of the membrane are negligible, the crossover products are
immediately consumed. While this does not improve current efficiency, it keeps the product gas
streams very pure. Working membrane-embedded devices are necessary to test the validity of
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neglecting mass transport of gases to catalyst particles in a wireless configuration. Such
experimental validation has not been possible because membrane-embedded devices have not
previously been demonstrated. However, a recent publication by Shaner et al. has shown that
arrays of microwires with tandem junctions can split water.30 Shaner has even more recently
embedded these wires in both anion and cation exchange membranes, though that work has yet
to be published. It seems that it will soon be possible to test these concepts experimentally.

3.11. Conclusions
Both supporting electrolytes and buffer electrolytes encounter difficulties that restrict
their use as candidates for near-neutral PEC operation at high efficiency. Limiting current
declines when moving toward neutral pH, and the problem is only amplified by the addition of
supporting electrolyte. To attain currents above 10 mA/cm2, which are necessary for high
efficiency PEC, dilute acids (or bases) with no buffer capacity must stay within the pH range 0 to
1 (or 13 to 14).
If the electrolyte has some buffer capacity, it is possible to transport current by shuttling
the sulfate toward the anode and the bisulfate toward the cathode. High concentrations of the
buffer are needed to avoid exhausting the buffer capacity due to electrodialysis. It is also
necessary to stay below the solubility limit of all buffer species, which puts a limit on how high
the concentration can be increased. In the case of boric acid, the optimum concentration was
approximately half its solubility.
It may be possible to alleviate the problem of not being able to operate in near-neutral
conditions by utilizing a design where the membrane spans the entire gap between the anode and
the cathode, serving as the sole electrolyte. Such a design will be explored in Chapter 4. The
issue of corrosion due to polymer electrolytes has been studied in the fuel-cell literature, and it
appears that there are paths to mitigation for certain choices of metals for the bipolar plates.31–36
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4. Analysis of Absorber-in-Membrane Configuration for
Photoelectrochemical Cells

4.1. Introduction
As mentioned at the end of Chapter 3, a design with only a polymer electrolyte may be
able to overcome the limitations of operating in near-neutral electrolytes. This type of PEC
might be labeled an "absorber-in-membrane" design. However, such designs have their own
challenges and limitations to consider. One such challenge is the necessity of separating the
product gases. Gas crossover can affect the composition of both head spaces, which dilutes the
product stream and even has the potential to form explosive gas mixtures within the 4 to 94% v/v
explosive limit for H2 in O2. Many recent integrated devices for solar hydrogen production have
resulted in the co-evolution of H2 and O2.1–4 While these successes are significant steps forward,
a mixed product stream is impractical at the production scales targeted for solar fuels due to the
economic consequences of having to purify the product and the issue of safety.
In addition to altering the head space composition, the crossover of gases has two more
negative consequences. Hydrogen can be re-oxidized back to protons if it reaches the anode,
clearly leading to reduced product yield. Finally, oxygen can be reduced at the cathode, which
hurts the device because the total current through the device is limited by the solar flux. If a
significant portion of the total current is actually due to crossover, the device is not driving the
reaction of choice, but rather an undesired side reaction. This is a familiar problem in the realm
of corrosion engineering and must be taken into consideration. The relevant figures of merit for
these two consequences are the faradaic efficiency,
, and the collection efficiency,
,
defined by
4(
68)
4(
69)
Here,
is the current density in the light absorber, and
is the current density due to the
hydrogen reaction at the cathode.
is the ratio of the cathode catalyst area to the crosssectional area of the light absorber, and
is the ratio of light absorber area to total area
(membrane + light absorber).
is the volumetric flow rate of gas through the cathode outlet
divided by the total area, and it can be thought of as the speed at which product gases move away
from the device.
is the partial pressure of H2 in the cathode head space. is Faraday's
constant, and
and
are the stoichiometric coefficient of H2 and the number of electrons
transferred in the hydrogen oxidation reaction, respectively. The product of these two
components is the current efficiency for electrolysis, :
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4(
70)
Progress in PECs for solar fuels tends to be measured by the STF efficiency. However,
the definition for STF efficiency has not been standardized. One proposed formula is equivalent
to
, where
is the maximum power conversion efficiency of the photovoltaic
5
device.
is a coupling efficiency that accounts for the fact that the device operates where the
electrochemical load is matched by the power supplied by the light absorber, not at the maximum
power point of the photovoltaic.
is the voltage efficiency of the electrochemical cell, which is
the ratio of the equilibrium cell potential for the desired reaction to the operating cell potential.
While this formula captures most details, the key omission is the current efficiency:
4(
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Allowing to be different from unity allows evaluation of the negative impacts of gas
crossover. For instance, Haussener et al. allow a nonunity
in studying temperature and
6
seasonal variations.
Additionally, reporting a STF efficiency for a product stream that has not been separated
is misleading. Additional energy losses will be necessary to separate the H2 and O2.
Furthermore, adding barriers to keep the gases separate will reduce STF efficiency. This is
because will certainly drop, and
is likely to fall as well due to an increased ohmic drop.
The composition of the product stream and the current efficiency are vital pieces of information
when evaluating a proposed solar-fuels device.7
Designing a device that separates the products would be an important step toward the
realization of a practical solar-fuel generator. The real difficulty is rooted in the need to restrict
the transport of gases while allowing the transport of ions. In other words, crossover must be
blocked without requiring an excessive ohmic loss. This restricts the allowable porosity of a
porous separator for these types of applications.7 In designs that recirculate electrolyte to avoid
excessive ohmic and pH-dependent losses, the same delicate balance between transporting
enough ions without transporting too many gas molecules exists.8 It has also been proposed to
use a polymer membrane to separate the anodes and cathode of PECs, with the polymer serving
as the sole electrolyte in some cases.9–11 This paper endeavors to establish requirements for the
material properties of membranes for solar-fuels applications.

4.2. System description
In order to analyze the system, we adopt the general 1-D geometry from section 2.2 as it
applies to the “wireless” geometry. For the purposes of this model, we assume that the lightabsorbing components and the membrane have the same length, and that the catalyst blends with
the membrane on either end to form a distributed porous electrode, as shown in Figure 4-29.
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Recall from Chapter 1 that the light absorbers must be properly oriented within the membrane
such that there is a defined anode and cathode where the following reactions take place:
4(
72a)

Anode:

4(
72b)
4(
73a)

Cathode:

4(
73b)

hν
a)

O2 head
space

𝑣out ,an
b)

B

B-V
C

anode
light
membrane
absorber

ion, gas
transport

L

D
B-V
cathode

H2 head
space

A
𝑣out ,ca

Figure 4-29: Absorber-in-membrane geometry.
a) A schematic of the key components in the model: light absorber, membrane, and catalysts at
the anode and cathode. In this chapter, the light absorber and membrane will be assumed to have
the same length, L. This sketch makes explicit the inclusion of gas flow rates as model variables.
b) A schematic of how the simplified version of the 1-D model (see Chapter 2) fits into this
geometry. The current-voltage relationship between nodes A and B is determined by solar-cell
device physics. The segments BC and DA are determined by Butler-Volmer kinetics, and the
segment CD is determined by solving dilute-solution transport equations for regions of
membrane and/or electrolyte. If a uniformly-hydrated membrane is the only electrolyte,
concentration gradients of ionic species can be neglected, and ion transport through segment CD
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can be approximated by Ohm's law through a resistive medium.
The protons or hydroxide ions must travel from the electrode where they are produced to
the electrode where they are consumed, or else the concentration gradient that forms will hinder
further reaction, as seen in Chapter 3 and in the literature.12 However, gaseous products must be
prevented from traveling to the opposite electrode. Throughout this chapter, we show that this
competing desire to permit ion transport but block gas transport bears consequences for device
design. One might expect that a membrane with high ionic conductivity and low gas
permeability is an attractive candidate for the electrolyte. Although use of a number of fuel-cell
membranes is possible, block copolymers are particularly attractive for obtaining the desired
transport properties.13,14
The full details of the model equations and boundary conditions are given in Chapter 2.
In this study, the properties of the light absorber were chosen to match a crystalline silicon
microwire cell. Recall from Chapter 1 that multi-junction cells are favored for PEC because the
wide band gap that is necessary for a single junction leads to significant sub-bandgap
illumination losses and a low power-conversion efficiency.15 Therefore, in order to generate
enough potential to split water, the results in this chapter use an example case of three p-n
junctions contained within the light absorber. These can be classified as “buried” junctions
according to the discussion in Chapter 1. In each of these three p-n junctions, the lengths of the
p-type and n-type regions is set equal. Each simulation also sets the total length of the absorber,
and the length of each of the three p-n junctions is adjusted to ensure that the amount of light
absorbed in each of the three sub-units is equal.
This choice of light absorber is for a proof-of-concept study, and the results apply
generally to different types of absorbers. For example, the framework used here supports
replacing one or two of these buried junctions with a liquid junction.16 Furthermore, although
the junctions in this chapter are in tandem (i.e., in series both optically and electronically), an
equally viable alternative would be to wire the junctions in series electronically but have them
optically in parallel, much like the panels on a solar-powered calculator.
Although this work is also limited to a hypothetical absorber because a triple-junction
microwire has not yet been shown experimentally, multijunction microwire and nanowire light
absorbers are a promising avenue of research. Foley et al. offer a recent review of nanowires
used for PEC.17 Strandwitz et al. have grown wires with a heterojunction between n-type Si and
n-type GaP, attaining an open-circuit potential of 0.7 V.18 Simulations by Turner-Evans et al.
have helped prove the concept for hemispherical designs, showing that power-conversion
efficiencies of 34% are possible if the materials have good transport properties.19 Recent work
has demonstrated tandem PEC devices based on silicon microwires with oxide coatings, as
shown by Liu et al. with TiO23 and Shaner et al. for WO3.20
For this chapter, the membrane properties were chosen to mirror those of Nafion 117
equilibrated with liquid water unless otherwise noted.21,22 Base catalyst properties are for Pt at
the cathode and RuO2 at the anode. Other properties that cannot be inferred based upon the
choice of materials are listed in Table 4-7. The length of each region of the triple-junction light
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absorber was fixed so that the amount of light absorbed in each region would be equal. The
properties described in this paragraph and listed in Table 4-7 are used for all figures unless
otherwise noted.

Table 4-7: List of material properties and geometric ratios.
description

symbol

value

unit

source(s)

acceptor concentration

1017

cm-3

Kelzenberg et al.23

donor concentration

1017

cm-3

Kelzenberg et al.23

lifetime of holes in n-region

10-7

s

Kelzenberg et al.23

lifetime of holes in p-region

10-7

s

Kelzenberg et al.23

0.1

S/cm

Zawodzinski et al.21

permeation coefficient, H2

1.6×10-11

mol/cm-s-bar

Weber and Newman22

permeation coefficient, O2

1.05×10-11

mol/cm-s-bar

Weber and Newman22

exchange current density,
O2, anode

7.5×10-9

A/cm2

Kötz and Stucki24

exchange current density,
H2, cathode

7.9×10-4

A/cm2

Hickling and Salt25

𝜅

membrane conductivity

transfer coefficients, O2,
anode

𝛼

𝛼

0.64, *

-

Kötz and Stucki24

transfer coefficients, H2,
cathode

𝛼

𝛼

0.5, 2.87

-

Bernardi and Verbrugge26,
Hickling and Salt25

exchange current density,
O2, cathode

2×10-10

A/cm2

Bockris and Huq27

exchange current density,
H2, anode

6×10-5

A/cm2

Kötz and Stucki28

transfer coefficients, O2,
cathode

𝛼

𝛼

0.5, 0.45

-

Damjanovic et al.29

transfer coefficients, H2,
anode

𝛼

𝛼

*, 0.65

-

Kötz and Stucki28

anode area ratio,
(Aanode/Aabsorber)

20

-

Burke et al.30

cathode area ratio,

1

-

-
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(Acathode/Aabsorber)
absorber area ratio,
(Aabsorber/Atotal)

0.5

-

-

* - the same transfer coefficient as the reverse direction was assumed.

4.3. Effect of crossover: numerical solution with PEC model
4.3.1. Net hydrogen collected and true efficiency of a PEC
Figure 4-30 shows the power curve and load curves (with and without consideration of
crossover) for the device. The power curve is due to the properties of the light absorber,
meaning that the solid curve in Figure 4-30 represents the i-V characteristic of the circuit
segment AB in Figure 4-29b. The load curves, in turn, represent the i-V characteristic of circuit
segments BC, CD, and DA taken together in series. Because these two circuits are linked at
nodes A and B, the device is constrained to operate at the intersection between the two curves.
Such load-circuit analysis has long been used, and it has been applied previously for the specific
case of PEC devices.31,5,32
In a departure from previous work, the approach here involves solving the governing
physical equations numerically in 1-D, taking into account the transport of all relevant species as
well as the absorption of light. There is a significant benefit to this approach. Aside from
yielding the circled intersection points in Figure 4-30, this approach also computes all
concentrations and the electrostatic potential as a function of position in both the light absorber
and the membrane. This allows coupling not just the current and potential at node points A and
B, but also the concentrations of all species. This is essential because the concentration of
species in the electrolyte can modify the overall cell potential by affecting at least two properties
of the electrolyte-absorber interface: the rate of charge transfer and the amount of band bending.
Figure 4-30 illustrates one concrete example of how solving the full set of governing
equations allows one to calculate critical features of device operation. If neglecting gas
transport, one assumes complete collection of any H2 produced; therefore, the intersection point
is the amount of hydrogen collected, converted to a current density by Faraday's law. Changing
the thickness changes the power curve of the light absorber. Longer lengths allow one to absorb
more light, potentially leading to increased current. However, eventually current will decline
due to transport limitations in the light absorber, which can be serious for devices grown on the
microscale. The model predicts the optimum thickness to be 10 µm.
Realistically, some fraction of the gas produced will penetrate the membrane. The
impact of neglecting losses due to gas crossover can be appreciable. The amount of crossover is
a function of the properties of the membrane in a given environment, most importantly the
thickness and permeation coefficients for H2 and O2,
and
. The effect of gas crossover
on device operation at a given permeability and thickness is to increase the total operating
current density, , but to decrease the net amount of hydrogen collected,
. This result is
summarized in Table 4-8.
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Figure 4-30: The effect of crossover on the load curve.
The device modeled here has a total thickness of 20 µm. The solid line is the power curve
calculated for a triple-junction silicon light absorber as described in Model Description. Points
of operation are circled. The asterisk on the load curve indicates the point where zero net
hydrogen is collected because the flow rates of the outlet gases drop to zero.

Table 4-8: Effect of crossover on current and net hydrogen collected.
No crossover
(µm)

2

(mA/cm )

With crossover
(mA/cm2)

(mA/cm2)

6

5.94

6.77

-4.75

10

6.36

6.99

0.12

20

6.22

6.74

3.28

30

5.63

6.03

3.73

40

4.90

5.19

3.46

60

3.46

3.58

2.43

80

2.41

2.46

1.59

80

Figure 4-31 plots the faradaic efficiency and the collection efficiency as functions of
device thickness, along with the total H2 collected from the cathode outlet,
. In the limit of
small lengths, collection efficiency is low, bringing
to zero. This decline happens while
the faradaic efficiency is still relatively high, which means that even though the correct reaction
is running at the cathode, most of the product is crossing over and being lost. In the mid-range,
both faradaic efficiency and collection efficiency are relatively high, and
reaches a
maximum. Despite relatively stable efficiencies at higher lengths, the total H2 collected declines.
This is due to a drop in total current because of recombination of electrons and holes in the light
absorber.
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Figure 4-31: Total current and net H2 collected versus length.
Dependence of total current (thick black line) and net hydrogen collected (thin blue line) upon
device thickness, along with trends in faradaic efficiency (dashed green) and collection
efficiency (dotted red).
Several interesting conclusions can be drawn from the analysis so far. Primarily,
consideration of gas crossover can shift the optimum thickness for hydrogen production
significantly – from 10 to 30 µm in this case. A corollary to this argument is the fact that the
total operating current density (that is, the intersection point on load-curve diagrams like Figure
4-30) is not a good metric for device performance. Net H2 collected should be used instead. In
fact, determining the net H2 production gives a handy shortcut to the true STF efficiency from
equation 71:
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4(
74)
Here,
is the difference in Gibbs free energy for the products, and
contained in the solar flux hitting the device.

is the power

Along with
, one must also know the composition of the head space. Not only is
this necessary to calculate
in the formula above, it is vital to ensure that the gas outlets do
not stray into the regime of explosive mixtures. If one solves the governing differential
equations as done in this paper, the compositions of the head spaces are calculated as part of the
model solution, since they are coupled to the rates of each reaction and the flux of species
through the membrane. Product purity is therefore evaluated directly.
For all results presented in this paper, the head space on the cathode side contains only
hydrogen saturated with water vapor, and the anode head space contains only oxygen saturated
with water. This is partially a result of the choice of how to model the system. Material
balances on the head space gases included three terms: a generation/consumption rate at the
electrode, a flux through the outlet, and a flux through the membrane. The electrode rates were
assumed to be kinetically limited; mass-transfer resistance was taken to be zero. This is because
the mass-transfer resistance through the membrane (from point C to D in Figure 4-29b) was
assumed to be much larger than the resistance from the membrane near the electrode to the
electrode (from C to B, or D to A).
The geometry of the absorber-in-membrane device (see Figure 4-29) influences the
assumption of the previous paragraph. Gases that cross over the membrane simultaneously
encounter the opposite electrode and the opposite head space (drawn as a porous electrode). If
the distance between where the gaseous species encounter the head space and where they
encounter the electrode is significant, then the assumption of zero mass-transfer resistance would
need to be relaxed. Examples include widely spaced wires with catalysts only on the tips, large
planar absorbers,33 or an MEA-type setup with a gas-diffusion layer between the membrane and
the electrode. This effect was explored earlier in Chapter 3, where regions of bulk electrolyte
existed between the membrane and the electrodes.
The electrode kinetics (see Table 4-7) has little influence on the presence of gases in the
opposite head space. Since the overpotential for H2 oxidation (the reverse of the reaction in
equation 72c) at the anode is very large, the rate of reaction is not kinetically limited for
reasonable values of
and the transfer coefficients. Setting
A cm gives
an anode headspace that has
bar when zero net current is passing, but if the circuit
with the light absorber is closed, the device runs at a current density of
mA cm and
bar, which is well below detectable limits. A similar argument applies for O2 in
the cathode head space. The large driving force for the crossover reactions makes it extremely
likely that their rates will be mass-transfer limited.
The asterisk in Figure 4-30 marks the point on the load curve where zero net hydrogen is
collected, below which the device is a net consumer of H2 and O2, similar to a fuel cell with high
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crossover.34 This is also reflected in the negative value for
in Table 4-8. These are
consequences of model assumptions, namely that the system is held isobaric at 1 bar and the only
components in the vapor phase are hydrogen, oxygen, and water. Although one could add an
inert gas to allow lower partial pressures of H2 and O2, little insight would be gained because it is
undesirable to operate in this regime.35

4.3.2. Trade-off between high conductivity and low permeability
In highlighting the need to report gas compositions and to consider crossover when
calculating STF efficiency, the previous section established a baseline case for the net hydrogen
production in an absorber-in-membrane PEC. Having done this, one can vary relevant
parameters to elucidate their impact on device performance. In Figure 4-32, three different OER
catalysts in acidic conditions are compared. The kinetic properties of platinum are used for the
HER catalyst in each case, and acidic conditions are assumed.
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Figure 4-32: Effect of catalyst activity.
The light absorber used here is again triple-junction silicon, but with a minority carrier lifetime
of 1 µs. The device thickness is 40 µm. Platinum for the HER catalyst, acidic conditions, and
Nafion membrane properties are assumed for all three load curves, but each uses different
parameters for OER kinetics. The OER catalysts are platinum (i0=2×10-10 A/cm2, α=0.6,
ξan=1),27 an oxide of platinum, iridium, and ruthenium (i0=3.6×10-7 A/cm2, α=0.66, ξan=1),36 and
ruthenium oxide (i0=7.5×10-9 A/cm2, α=0.64, ξan=20).24,30
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As mentioned in Chapter 1, the ruthenium oxide catalyst provides the best activity for
OER, but is unstable without alloying with iridium oxide.24 Burke et al.30 show that the
exchange current density and Tafel slope for RuO2 do not vary with the ratio of
electrochemically active surface area to superficial area (denoted
and
here).
Distinguishing an improvement in the density of active sites from an improvement in the
catalytic activity of those sites depends on having experimental data. The model responds
similarly whether or is increased.
In Figure 4-33, the relative humidity is modulated, as it would be in a vapor-fed
device.
It is known that the conductivity of Nafion increases with water content, reaching a
peak value of 𝜅
when equilibrated with liquid water.22 This is evident in the
diagram, where the slope of the load curves at high potentials is proportional to the conductivity.
For reference, the load curve for liquid-equilibrated Nafion nearly overlaps the curve for
RH=100% and was thus excluded for clarity. The operating point for 𝜅
is near the
maximum power point of the solar cell (i.e., the bend in the power curve). As the other curves
show, 𝜅 must drop two orders of magnitude below that value before the intersection point
moves slightly (and close to three orders of magnitude before the operating current density
decreases noticeably). Changing by orders of magnitude in Figure 4-32 has a much greater
impact on device performance than changing 𝜅 by an equivalent amount in Figure 4-33.
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Figure 4-33: Effect of relative humidity (RH).
All load curves use RuO2 for OER and Pt for HER in acidic conditions. The power curve for the
solar cell changed because now T = 40°C (the temperature at which the hydration-state data were
taken). For RH 100%, 𝜅
. RH 30% gives 𝜅
, and
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RH 20% gives 𝜅
from Figure 4-34 below.

.

and

at these values of RH can be calculated
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Figure 4-34: Relative variation of permeability and conductivity
Permeation coefficients for hydrogen (solid) and oxygen (dashed) through Nafion 117 (thick
lines) plotted against conductivity at 40°C. Adapted from data for conductivity vs. hydration
state21,22 and permeation vs. relative humidity.37 Net H2 produced goes through a maximum at
lower values of conductivity and permeation coefficient, marked by the triangles on the plot. To
improve upon the properties of Nafion, new materials must lie at least in part below these curves.
A simple example is a linear correlation (thin lines and squares).
Increasing the water content has the adverse effect of increasing the permeability of the
membrane to gases.43 The permeation coefficients are plotted against 𝜅 in Figure 4-34. The
independent variable is actually the relative humidity of the environment (and therefore the
equilibrium water content). As expected, a tradeoff exists where one must endure a drop in
conductivity to achieve a drop in permeability. In addition to the Nafion data, the thin lines
represent a hypothetical new material with a linear relationship between and 𝜅 that also
obeys this tradeoff. Because the tradeoff exists, maximum net H2 collection should correspond
to a specific value of the relative humidity, as shown in Figure 4-35 for both Nafion and the
supposed new material.
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Figure 4-35: Net hydrogen produced as a function of conductivity.
The solid line is for the properties of Nafion, while the dotted line shows the result when the
trend between κ and ψ is a linear profile as in c) above. The value of the maximum is increased
from 6.97 to 7.37 mA/cm2.

4.3.3. Limits on the benefit of reducing permeability
Because the optimum conductivity values in Figure 4-34 and Figure 4-35 are nearly equal
for the Nafion curve and the linear relationship, one would like to know the impact of changing
only the permeation coefficient without affecting the conductivity. The effect of doing so is
shown in Figure 4-36. The optimum device thickness declines along with because, when less
H2 is lost to crossover, the maximum net H2 production moves closer to the maximum total
current (see Figure 4-31). The limiting case of zero permeability would produce the same value
for the maximum
and the maximum . However, one cannot achieve the maximum
of 6.99 mA/cm2 shown in Figure 4-31 through reduction in alone, because part of the current
at that location on the curve is due to gas crossover. Therefore, as decreases, one expects the
maximum total current to decline, even as the maximum net H2 production is increasing. This is
confirmed in Figure 4-37, where the limiting value of
for an impermeable membrane is
2
seen to be 6.5 mA/cm . An important finding from this plot is that
increases 63% from
2
3.73 to 6.09 mA/cm by decreasing from
to
, but the incremental increase by
decreasing further to
is only another 10% to reach a total of 6.46 mA/cm2.
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Figure 4-36: Effect of permeability on net H2 collected as a function of thickness.
is plotted against for several different values of the ratio
, which is the
parameter identifying each curve. Both
and
are subject to the same ratio. The values
of
used for the reference case assume T=25°C and a liquid-equilibrated membrane.
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Figure 4-37: Effect of permeability on maximum current and net H2.
Maximum net H2 production (
) and maximum total current ( ) as functions of
permeability, expressed as a fraction of the permeability of Nafion.
These results suggest a strategy to pursue polymers that improve upon Nafion for solarfuels applications. Device performance would improve with a membrane that blocked gas
crossover better, as long as the conductivity does not decline too much. In fact, Figure 4-34
provides a handy metric for evaluating whether such a new polymer will indeed improve upon
Nafion. If the properties of the polymer fall below the curves for Nafion, the amount of
hydrogen collected will increase. An example would be the linear profiles given by the dotted
lines in Figure 4-35. However, the curves for the new material might cross the curves for
Nafion, or the curves might not extend below the triangles on the graph. It is also conceivable
that the H2 permeation could be above the Nafion curve while the O2 permeation could be below
its corresponding Nafion reference point, or vice versa. In any of these less straightforward
scenarios, it would be necessary to run the full simulations to determine the net H2 produced for
the new material, producing a plot comparable to Figure 4-35 for the new material.
Because the maximum in
is so broad in Figure 4-35, modulating the relative
humidity of Nafion turns out to be a rather ineffective strategy for exploiting the tradeoff
between and 𝜅 . Instead, one could vary the thickness. The full results of doing so are
shown in Figure 4-31, but the argument can be made with an even simpler analysis that we will
now develop.
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4.4. Effect of crossover: simplified semi-analytical solution
This section will use analytical equations to develop an approximation to the effect of
crossover on a membrane-embedded photoelectrochemical cell. The simplest form for the ohmic
loss
through such a device would be a linear proportionality with the current density,
representative of a resistive drop through a medium of constant conductivity with a uniform
current distribution:
𝜅

4(
75)

In order to estimate
, the absorber current-voltage relationship can be approximated by a
diode equation with a short-circuit current , an open-circuit potential , and a diode ideality
38
factor
:
4(
76)
where
is the potential difference between anode and cathode.
is the open circuit potential for water splitting (1.229 V for liquid water at 1 bar and 25°C), and
and
are the anode and cathode overpotentials, respectively. The overpotentials can be
estimated with Tafel kinetics:
𝛼

(4-77)
𝛼

(4-78)

Equations 75 to 78 can be solved to approximate the total current and the ohmic drop
through the system. The current lost due to hydrogen crossover is
(4-79)
with a similar expression for current lost due to oxygen crossover,
collected is then

. The net hydrogen

(4-80)
Equation 80 uses the approximation that all gases that cross over are consumed at the opposite
electrode. In other words, the product streams are pure H2 and O2.
The relationship between gas crossover and ohmic drop can be studied by plotting the
solution to equations 75 through 80 in Figure 4-38 and Figure 4-39, varying either the relative
humidity or the device thickness to cause and 𝜅 to change. The nonlinearity in the Tafel
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kinetics and the diode equation prevents writing a closed-form analytical expression, but the
solution to this simplified zero-dimensional analysis is easily obtained through an iterative
Newton-Raphson scheme. The result predicts that there is a tradeoff between crossover and
ohmic loss. The maximum
predicted in Figure 4-38 is 8 mA/cm2 at a value of 𝜅
, which comes reasonably close to the answers of 6.97 mA/cm2 and 𝜅
from the detailed calculations (see Figure 4-35).
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Figure 4-38: Simplified tradeoff between ion and gas transport – varying relative humidity.
The plot uses the material properties from Table 4-7, in addition to sc
mA cm , oc
V, and id
. These three parameters were chosen to match the absorber power curve
from Figure 4-32b. and 𝜅 are modified by varying the relative humidity. Again, all material
properties took their default values but were adjusted to T=40°C to work with the available data
for relative humidity.
However, this type of crude analysis cannot quantitatively predict the optimum thickness.
These simpler equations yield a maximum
of 5.15 mA/cm2 at 850 µm (see Figure 4-39),
which compares unfavorably with the 3.73 mA/cm2 peak at 30 µm in Figure 4-31. This is
because the tradeoff between gas blocking and ohmic loss is less important than the tradeoff
between gas blocking and electron-hole recombination in the light absorber for the material
properties chosen here. The simplified analysis does not include the dependence of the power
curve,
, on , and therefore it cannot quantitatively optimize the thickness of an absorberin-membrane style device.
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Simple analytical arguments, such as the ones presented in this section and the load-curve
analyses that are common in the literature,5,32,39 are still instructive in that they illustrate general
trends qualitatively. However, the comparisons in the previous paragraph emphasize the
necessity to solve the governing equations in order to predict values quantitatively as we did in
section 4.3. Furthermore, simplified analyses often leave out important physics, such as the
length-dependence of the light absorber just discussed, or the mass-transport limitations
discussed in Chapter 3.
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Figure 4-39: Simplified tradeoff between ion and gas transport – varying length.
The plot uses the material properties from Table 4-7, in addition to
,
, and
. These three parameters were chosen to match the absorber power curve
from Figure 4-32b.
and 𝜅 are fixed to their values for liquid-equilibrated Nafion at 25°C,
but the relative impacts of gas crossover and ohmic loss are modified by varying .
,
, and
were chosen to match the absorber power curve
from Figure 4-30. Compare to the optimum L of 30 µm from the full analysis in Figure 4-31.

4.5. Effect of absorber efficiency
Numerous factors contribute to the light-harvesting efficiency of a solar cell. Typically,
researchers in the field are concerned with the open-circuit potential,
, the short-circuit
current, , and the fill factor,
. The fill factor is defined as
, where
and
are the current density and the voltage at the point of maximum power on the i-V
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curve of the solar cell. While these three parameters are simple to measure experimentally, they
are actually a convoluted function of many material properties of the light absorber. Here, we
modulate the cell efficiency by changing the kinetics of recombination inside the solar cell.
Results from the fully integrated absorber-catalyst-electrolyte model are shown in Figure
4-40. The properties are the same as in Table 2-2 and Table 2-3 with minor changes. All dopant
concentrations are set to 1×1017 cm-3, and
is set to 6×108 cm4/mol-s in all cases. The
minority-carrier lifetime, , is linked to the kinetics for bulk recombination through the following
relationship:38
(4-81)
For example, the curve with = 1 µs has a value of

= 6×1012 cm3/mol-s.

As in earlier chapters, the model outputs an i-V curve for the absorber followed by a load
curve characteristic of the losses due to the reactions and the transport through the electrolyte for
visualization purposes, similar to prior literature on photoelectrochemical energy conversion.31,32
Note that the true output of the model is the operating current density and the amount of
hydrogen produced. The operation points are marked by the blue asterisks where these curves
intersect, while the net production of hydrogen is coupled to the flow rate and the composition of
the gases through the outlets. The flow rate and composition depend on both the faradaic
efficiency and the collection efficiency, and they are difficult to include in this type of plot.
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Figure 4-40: Computed absorber and load curves for selected minority-carrier lifetimes.
Each light absorber curve is an 80 µm thick triple-junction Si absorber with a minority-carrier
lifetime that labels the curve. is inversely proportional to the rate constant for bulk
recombination through Equation 4-81.
In Figure 4-40, the only change was to drop the minority carrier lifetime to 0.1 µs, which
means the bulk recombination rate constant
was increased by an order of magnitude. The
increase in the amount of recombination in the bulk causes the light-absorber curve to drop
significantly, and the operating current density decreases from 7.67 to 2.46 mA/cm2. The value
of (or
) at which this drop in efficiency occurs will depend on the absorption coefficient
and the diffusion coefficients of the electrons and holes in the semiconductors being used.
In addition, this 1-D model uses p-n junctions in an axial configuration. It has been
suggested in the literature that creating a radial p-n junction could alleviate some of the
recombination problems in microwire solar cells.40 While such a situation cannot be accurately
represented in a 1-D model, the general problem of how light absorber efficiency impacts device
performance still applies. An inefficient light absorber will have a low short-circuit current (see
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Figure 4-40), and this low
will limit the efficiency for hydrogen production irrespective of
improvements in the catalyst or membrane conductivity. This statement applies universally to all
types of light absorbers.
Because longer minority-carrier lifetimes will lower the amount of current lost due to
bulk recombination, one expects that having a larger would lead to a higher maximum current.
This is confirmed and quantified in Figure 4-41. The increase in the optimum length can also be
attributed to the decreased bulk recombination. The ability to use thicker devices improves
current efficiency because the thicker separator does a better job blocking gas crossover. The
combination of increased maximum current and improved current efficiency leads to higher net
H2 collection at larger optimum thicknesses when is increased.

Figure 4-41: Effect of recombination kinetics on light-absorber efficiency.
Compilation of results for performing the calculations of Figure 4-40 above for several different
thicknesses of the light absorber. The operating current density (solid and dotted lines) is
included in addition to the net H2 production (dashed lines), which has been converted to units of
current density using Faraday's law.
Additionally, the difference between the optimum length for maximum total current and
the optimum length for maximum net H2 collection decreases when the minority-carrier lifetime
increases. For instance, the case of
had an optimum
of 6.99 mA/cm2 at L=10 µm,
while the
reached a maximum of 3.73 mA/cm2 at L=30 µm, which agrees with the result
in Table 4-8. If we increase to 1 µs, the optimum
is 9.21 mA/cm2 at L=40 µm while the
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optimum
is 7.62 mA/cm2 at L=50 µm. The improved absorber efficiency partially masks
the impact of gas crossover on device performance. If one erroneously constructed a 40 µm
device with
, the net hydrogen collected would be 7.48 mA/cm2. While this is only 81%
of the total current through the device, the amount of hydrogen collected is only 1.8% less than
the true optimum at L = 50 µm.

4.6. Effect of absorber area fraction
In the absorber-in-membrane design shown in Figure 4-29, the area fraction of the light
absorber,
, can be varied continuously between 0 and 1. As absorber area fraction is
increased, there is more material available to capture light, and the current density on the basis of
total device area would be expected to increase. However, at very high absorber area fractions,
the current becomes concentrated in the small region remaining for ion transport, and the ohmic
losses in that region start to become important. Additionally, there is the practical matter of
coating the polymer uniformly around the array of light absorbers, which could be more difficult
at high absorber area fractions.
Moving toward low absorber area fractions introduces the additional problem of
increased gas crossover. If the efficiency of the light absorber is low, it is possible that no net
hydrogen will be produced below a given loading of absorber particles. Figure 4-42 performs
this calculation for the material properties listed in Table 2-2 and Table 2-3. The results indicate
that the limit of zero net hydrogen production is reached around 20% loading of absorber
particles. This threshold depends on the efficiency of the light absorber, as discussed in the
previous section. It is also necessary to mention that the effects of light concentration were not
included in this calculation. For arrays of light absorbers with physical dimensions similar to the
wavelength of visible light, light may effectively be concentrated within the light absorbers.41
However, it is difficult to predict the degree of concentration, because it is highly dependent on
the specific geometric properties of the absorbers, their spatial arrangement, and the angle of the
incident light. Further study is needed to encapsulate the effects of light concentration accurately
within a one-dimensional model such as the one presented in this work.
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Figure 4-42: Effect of wire area ratio.
Device parameters used are the same as for the = 0.1 µs absorber in Figure 4-41. The total
current through the device at different thicknesses is given by the solid black curve. The net
amount of H2 collected is given by the patterned curves for three different values of
, the
ratio of absorber area to the total cross-sectional area. This does not take into account any
effective light concentration due to trapping of light by microwire arrays.41

4.7. Summary of absorber-in-membrane model
The integrated model of a PEC that was developed in Chapter 2 was used to study lightabsorbing particles embedded in a membrane. The results indicate that, under the conditions
studied here, the head-space gas compositions are maintained as water-saturated hydrogen in the
cathode and water-saturated oxygen in the anode. The critical assumption that led to this
treatment was zero mass-transfer resistance between the membrane in contact with the head
space and the catalyst associated with that head space. This should closely approximate the
absorber-in-membrane geometry with a porous electrode where crossover gases interact with the
opposite catalyst before reaching the opposite head space. Keeping the gases separate is a vital
characteristic of any practical solar-fuel generator, and the composition of the gas head space is a
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key figure of merit that should be measured and reported for all proposed designs.
Still, the absorber-in-membrane design is vulnerable to a different problem caused by
crossover; current efficiency is reduced when product gases are consumed at the opposite
electrodes from where they were generated.
depends upon the material properties of the
membrane as well as the thickness. If the material properties, temperature, pressure, and relative
humidity are all fixed, the thickness for maximum can be determined. However, this does not
necessarily coincide with the thickness for maximum
, as shown in Figure 4-31. This is
because the characteristics of the light absorber also depend on the thickness. For the material
properties outlined in Table 4-7 and a 3-junction Si light absorber with the characteristics shown
in Figure 4-30, the optimum thickness is 30 µm. This is a factor of 3 higher than the thickness
that maximizes the operating current density in the light absorber, and a factor of 2 higher than
the thickness that maximizes the operating current density if crossover is neglected entirely.
This indicates that crossover must be considered to predict device performance accurately, and
, not
, is the appropriate figure of merit.
The properties of the membrane, most notably the permeability, strongly influence the
optimum device thickness. Lowering allows the optimum thickness for net H2 collection to
decrease, even as total current declines due to reduced crossover current. The zero-permeability
limit represents the largest possible improvement in net H2 collection – in the case shown here,
improved by 2.75 mA/cm2 (from 3.73 to 6.5 mA/cm2) by allowing to approach zero.
Decreasing by a factor of 10 would yield about 85% of the possible improvement, and
decreasing by a factor of 100 would yield about 98%. Thus, there is a threshold after which
further lowering the permeability will produce diminishing returns for the overall device
performance.
In order to decrease the permeability, one expects that the conductivity will also fall. The
trade-off between these two effects was explained with a simple calculation using an ideal diode
curve, and it was shown quantitatively by solving the full governing equations for the case of
Nafion with varying water content. Any new polymers for water electrolysis should target
properties that fall below the curves for Nafion on Figure 4-32c. In addition, we find that 𝜅 can
fall to about 10-3 S/cm, or two orders of magnitude below Nafion, before a significant shift in the
load curve is realized (holding all other properties constant, including ). This indicates that
new membranes have a target window: up to two orders of magnitude in 𝜅 can be sacrificed to
gain at least one order of magnitude in .
The light absorber efficiency is seen to be critical in setting the optimum dimensions for
the overall device. Additionally, the use of a higher-efficiency light absorber relaxes the gas
separation requirements for the membrane separator. As shown in Figure 4-41, the maximum
net hydrogen collection of 3.7 mA/cm2 occurs at a total device thickness of 30 µm, while the
maximum total current in the device is 7.0 mA/cm2 at a 10 µm thickness. Decreasing the rate
constant for bulk recombination in the light absorber by a factor of 10 changes these values to
7.6 mA/cm2 at 50 µm for maximum net H2 and 9.21 mA/cm2 at 40 µm for maximum total
current. Not only does the discrepancy in optimum distances decrease, but also the value of the
hydrogen collected becomes closer to the maximum current.
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The efficiency of the light absorber also impacts the minimum loading of light absorbing
particles in an absorber-in-membrane style device. For the parameters here, chosen to be in line
with a modest light absorber efficiency of about 5%, choosing an absorber area fraction below
0.2 will not result in any net hydrogen production. The absorber efficiency is thus identified as a
powerful handle on overall device performance. However, its impact on device performance is
not limited to a simple multiplication of efficiencies. The operating conditions of the light
absorber are inherently coupled to the rate of ion transport and the amount of gas crossover in the
system, in this case amplifying the detrimental impact of attempting to operate with a lowefficiency light absorber.
Progress in producing solar fuels with photoelectrochemistry depends on having clearly
defined goals. To that end, this chapter highlights the need to separate products and report the
composition of the product gas streams. Polymer-electrolyte membranes are a viable candidate
for such a separator, given that the gas head space in such a situation is kept free of cross
contamination. Future studies should look to improve upon the properties of existing polymers
for solar-fuels applications, using the metrics established here as a guide.
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