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1. Introduction

1.1 Overview

Currently, fossil fuels are globally the most important energy source, corresponding to

about 80% of the global primary energy supply that, averaged over the year, corresponds

to about 18 TW power [1]. Because fossil fuels essentially do not replenish, their

supply is limited and at the current consumption rate the proven reserves are sufficient

only for few decades [2]. To fill the void that will be left by the depletion of the fossil

fuel supply and to reduce the CO2 emissions, it is essential to develop renewable energy

production technologies that can be deployed in the TW-scale [3].

Of the available renewable energy sources, solar irradiation has the largest potential

for energy production [2, 4]. However, its intermittent nature is a central problem for

its widespread utilization. Therefore, efficient large-scale storage is needed. Several

different methods are studied for this purpose, for example pumped hydro storage,

thermal storages, flywheels and batteries [5–8]. Additionally, producing high energy

density fuels with solar energy is an attractive proposition, as it would allow high-

efficiency solar energy conversion with inherent storage in a concentrated, easily

transportable form [7].

One of the most studied methods for solar fuel production is hydrogen (H2) production

with the electrolysis of water [7, 9]. This would allow using the oceans and large

water bodies, possibly also the ambient moisture, as a hydrogen source for energy

storage. Although the large scale H2 storage is a problem that has not been fully solved,

the abundance of water is certainly an advantage, when considering H2 as an energy

carrier [10].

The photoelectrolysis devices that convert the sunlight into H2 in a single device

are an important subtopic of water electrolysis [11–13]. These devices range from

photovoltaic (PV) cells powering an electrolyzer to fully integrated, monolithic

photoelectrochemical (PEC) cells [12, 13]. In theory, all these configurations should
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allow solar to hydrogen (STH) efficiencies comparable to the Shockley-Queisser (S-Q)

limit of the PVs [14–17]. In the case of PVs and the S-Q limit, any nonzero bandgap

allows power generation, but the maximum efficiency depends on the balance between

the voltage and light absorption [14]. As a difference to this, the output power of the

electrolysis is defined as the product of the H2 production rate (current density) and

the energy content of the H2 molecules [15]. Thus, the highest efficiency corresponds

to the maximum current density. Because the electrolysis requires a voltage of at least

about 1.23 V in room temperature, the theoretical maximum of the current density

corresponds to the minimum bandgap (or to a combination of two or more bandgaps)

that can drive the reaction [15]. For example, in the case of a dual-bandgap system this

voltage limitation leads to a maximum photocurrent a little less than 40 mA/cm2, which

corresponds to a STH efficiency of about 46% [15]. In practice, the current density

(hence the STH efficiency) of especially the single-junction devices is significantly

lower than the theoretical limit due to material constraints [18]. Although the direct

comparison of the prototypes to each other is complicated by the lack of certified

efficiencies (contrary to PVs, see e.g. [19, 20]), their efficiencies appear to have

increased over time [21]. Most of the notable prototypes manufactured during the last

10 years have had a relatively low STH efficiency of less than 6%, but there are few

exceptions with STH efficiencies in the range of 10–16% [21]. The difference between

these two groups seems to be, whether the photoabsorber and catalysts are integrated

together (≤6%) or not (PV and electrolyzer, 10–16%) [21]. Still, even though the

efficiency might not be a problem, the lifetime and stability of the devices in general

appears to be one [21].

The ultimate goal for the research on solar H2 production is to find and develop a

method that would allow sustainable production of H2 at a low price. Currently the

cheapest and most important H2 production method is steam reforming of methane

[22]. Globally, about half of all H2 is produced from methane (and about 95% from

fossil fuels) at the cost of about $1.4 per kilogram of H2 [22, 23]. To achieve this price

level and to have a positive net energy balance, stable device operation over several

years is required [24, 25]. Currently, the prototype devices typically degrade too fast

to be even close to achieving this goal [21].

Producing hydrocarbons from water and CO2 is also studied as a fuel production and

energy storage method [26–29]. One of the main challenges is the catalyst selectivity,

especially against H2 [27, 29, 30]. If a single, well-defined molecule is wanted, a

product mixture is obviously a problem, but if the mixture is useful as such (e.g.

similar to ”hythane”, a blend of methane and H2), its formation can be beneficial

[28, 30]. An important advantage of many hydrocarbons (e.g. methanol, ethanol,

formic acid) is that they are liquid at room temperature, which yields a very high
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volumetric energy density compared to the gaseous fuels [28]. For example, the

volumetric energy density of methanol is about 16 MJ/litre (MJ/l) [22]. While a bit

low compared to gasoline at 31 MJ/l, it is significantly higher than the 2.2–2.9 MJ/l

of H2 pressurized to 350 bar [22, 31]. This would be advantageous especially for the

transport sector, whose energy demand is satiated almost entirely (about 93%) with

oil refinery products (liquid fuels) [1]. In addition to the energy density, also the

hydrogen content of the hydrocarbons is typically high and they are studied also as

hydrogen carriers [10, 22]. For example, the hydrogen contents of the formic acid,

52 g/l [10], and methanol, 100 g/l [22], are both higher than the density of H2 in

the common pressurization range of 350–700 bar, about 23–37 g/l [31]. In fact, the

hydrogen content of methanol is even higher than the density of liquid H2, 71 g/l

[22, 31]. Although the liquid hydrocarbons would be excellent energy and hydrogen

carriers, the reported energy conversion efficiencies are low compared to the STH

efficiencies [21, 29], so it seems likely that economic H2 production with solar energy

would precede hydrocarbon synthesis.

Currently, the existing technology allows efficient H2 production only with PV-

powered electrolyzers [32]. Unfortunately, the produced H2 is too expensive compared

to the steam reforming of methane [23]. Therefore, several components and materials

require further development to allow economical H2 production [23, 32]. At the

present stage, much of the research on solar H2 production is focused on the discovery

and development of the materials to improve light harvesting, photovoltage, reaction

kinetics and device stability [33]. Measurements of the device performance are needed

to confirm the effects of a material or a device configuration on the overall performance,

but models and simulations can help their development process. Computational studies

about the photoelectrolysis devices have focused on, for example, material requirements

for efficient H2 production with different device configurations [15–17, 34], details of

the device configurations, such as electrode length and separator membrane thickness

[35], the effect of the membrane properties on the gas crossover and STH efficiency

[36], the effect of the catalyst layer thickness [37] and electrolyte flow in the cell [38].

Due to their predicitive capabilities, especially physics-based models can be useful in

indicating how different phenomena and properties impact the device operation and

how the device can be optimized. As much of the physics and chemistry in the devices

is relatively well-known, the main challenge for modeling is to combine the models of

the individual phenomena to a complete model of an operation device.
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1.2 Objectives and scope

The research for this dissertation was mainly carried out in the New Energy Technolo-

gies group (NEW) in the Department of Applied Physics in Aalto University School of

Science. The research was a part of a Nordic research project called Nordic Initiative

for Solar Fuel Development (NISFD) funded by the Nordic Energy Research (NER).

In addition to the NEW, research groups from also Denmark, Sweden, Norway and

Iceland participated in the project. The contribution of the research in NEW was

modeling and analysis regarding the performance and economic factors of the devices.

The first goal of the research was to form an overview on how modeling could

contribute to the research and development of the photoelectrolysis cells. To study

what kinds of methods had been used so far and for what purposes, a literature review

was conducted, and published as an article (Publication I). Special attention was

paid to how different phenomena had been coupled together in a model, when such

coupling had been neglected and when the coupling could be beneficial and/or practical.

Similarly, the possibilities of using models to calculate properties required by a more

macroscopic model were considered.

A concrete research question determined with the Danish collaborators of the project

in the Technical University of Denmark (DTU) was how little platinum (Pt) could

be used as a catalyst for the hydrogen evolution reaction (HER) without incurring

prohibitively high voltage losses. Although Pt is the best known HER catalyst, its

large-scale deployment could be limited by its scarceness and high price, which is a

central incentive for the research on the alternative HER catalysts based on the more

abundant elements [39–43]. The previous research in DTU had focused on the p-n

junction based silicon (Si) photocathodes and on protecting the Si photoelectrode (PE)

with a TiO2 layer (e.g. [44–46]). The research on catalysts for both the HER and

the OER had been an important research topic as well (e.g. [47, 48]) and the general

concerns about material abundance had also been reviewed earlier [39]. The scarcity

of Pt and very low HER overpotentials with the typical Pt loadings had prompted the

question about the feasibility of low Pt loadings as HER catalyst from the point of view

of both the electrode performance and Pt consumption in large scale H2 production.

The research on this topic was initiated, when the author visited DTU from early June

2014 to end of November 2014.

The first article about this topic (Publication II) focused on the effect of the amount

of Pt on the total overpotential and on the large scale feasibility of the studied Pt

loadings. The aim was to find out how little Pt could still maintain reasonably low HER

overpotential and if this amount would be low enough for large scale H2 production.

The literature about the HER on Pt indicated that, for the total overpotential, mass
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transport could be as important, or in some cases even more important than reaction

kinetics and the amount of Pt. Therefore, the model was developed to describe them

all and their interplay as accurately as reasonably possible. This interplay was a central

theme and basis of the models in later articles, despite of their slightly different focus.

During the development of the model and the analysis of the simulations results,

new research questions arose. Some results in literature (e.g. [49]) indicated that the

H2 transport even near equilibrium could be a combination of diffusion of dissolved

molecules and small gas bubbles. A model describing this was developed and analyzed

later in more detail (Publication III).

It was observed that the mass transport losses with the studied catalyst loading

were practically independent of the Pt loading, indicating that it could be possible

to describe the electrode with a one-dimensional (1D) model. This 1D model, its

derivation and comparison to the original 2D model to study its accuracy was the

main topic of Publication IV. This article also included an analysis about the mass

transport and reaction kinetics that discussed some of their features in more detail than

the previous articles.

1.3 Outline of the thesis

Chapter 2 describes the basics of solar-powered electrolysis that help to understand

the operation of the photoelectrolysis devices in general. This includes both the

electrochemistry and the thermodynamics of the reactions in the cells. The central topic

of this dissertation is the physical modeling of photoelectrolysis. As an introduction to

this topic, a short overview on the photoelectrolysis devices, their physical operation

and modeling PEC H2 production, based on Publication I, is presented in Chapter 3.

This Chapter also includes a brief summary about the analyses on the energy balance

and economy of PEC H2 production. The common topic of Publications II – IV was the

HER/HOR on Pt and all these articles used the same kinetic model of the HER/HOR

as their basis. Chapter 4 discusses this model, its mathematical description and the

other details related to differences between the models used in these Publications. The

most important details about the simulations are also given. The simulation results are

then discussed in Chapter 5. Finally, Chapter 6 summarizes this dissertation.
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2. Electrolysis of water

Electrolysis is an application of electrochemistry to drive otherwise non-spontaneous

reactions by applying electric power (voltage) between two electrodes. This also

implies that the reverse reaction is spontaneous, thus releasing energy that could

be measured as a voltage and electric current, or used for powering electric devices.

Therefore, any electrolysis products of materials common in nature could be considered

as candidates for energy storage as fuel, especially if the other reaction product is

oxygen (O2), as that allows combustion in ambient air. A prime example of this

is electrolysis of water, since water molecules are composed of only hydrogen and

oxygen atoms. This chapter discusses the fundamentals of the electrolysis of water:

the reactions and the thermodynamics.

2.1 Electrochemical reactions

In electrolysis, the water molecules (H2O) are cleaved into hydrogen and oxygen that

form H2 and O2 molecules.

2H2O
EW
←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←←
CH

2H2 + O2 (2.1)

Electrolysis of water (EW) proceeds from the left to the right, whereas the reverse

reaction, combustion of hydrogen (CH) from the right to the left. (If not otherwise

specified, with other reactions in this dissertation the direction from the left to the right

corresponds to the electrolysis.) As mentioned, electrolysis consumes energy, whereas

hydrogen combustion can be used to produce energy with fuel cells, for instance.

Electrochemical reactions consist of reduction and oxidation half-reactions at the

cathode and anode, respectively. In acidic electrolytes the half-reactions of the

electrolysis of water are
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2H2O
OER
←←←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←←←←
ORR

O2 + 4H+ + 4e− (2.2)

2H+ + 2e−
HER
←←←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←←←←←
HOR

H2 (2.3)

The reactions that correspond to the electrolysis are the OER and the HER. The reverse,

fuel cell reactions are called the oxygen reduction and hydrogen oxidation reaction

(ORR and HOR, respectively). When considering PEs, holes (h+) are often used as

the charge carriers and reactants of the OER, instead of electrons as the products,

to emphasize the importance of the valence band (VB) position for the photoanode

operation [11, 50].

2H2O + 4h+
OER
←←←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←←←←
ORR

O2 + 4H+ (2.4)

In alkaline conditions, the hydroxide ion (OH–) is the charge carrier in the electrolyte

instead of protons and it is also typically considered to be the active ion in the electrolyte

(a reactant of the OER and a product of the HER) [43, 51]. However, recent results

indicate that at least on platinum group transition metals the protons could be the

reactant of the HER even in alkaline conditions, with water molecules acting as proton

donors [40, 43, 52]. In contrast, it is generally accepted that in alkaline conditions

the HER cleaves water molecules and produces H2 and hydroxide ions, the latter of

which the OER consumes [9, 11, 40]. Still, if a water dissociation reaction produced

protons sufficiently fast near the cathode to maintain the H2 production rate, the total

process would appear similar to HER producing hydroxide from water molecules [40].

In practice, the identical microscopical steps in both acidic and alkaline media would

enable using the same kinetic model of the HER in both situations, provided that the

proton-supplying reaction in alkaline electrolytes is taken into account.

Water molecules dissociate to protons and hydroxide-ions on their own in a

process called water autoionization. However, the rate of autoionization is very

low (2.6⋅10-5 1/s, corresponding to about 10 hours lifetime), especially compared

to the recombination rate of H+ and OH- (1.3⋅1011 1/M) [53, 54]. Therefore, although

some rapid water dissociation process could maintain a sufficient proton supply at the

cathode, it seems that the autoionization rate of water is likely too low to enable the

experimentally measured current densities of the order of several mA/cm2 in alkaline

conditions [40, 55, 56].

Both the HER/HOR and OER/ORR are multi-electron reactions that consist of

multiple single-electron transfer reactions. The elementary steps of the HER/HOR are

discussed in more detail in Chapter 4. As this thesis is focused on the H2 production

and more specifically on the HER, the details of the OER/ORR are not discussed here.
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More detailed description and discussion can be found from the literature, for example

[57–62]. Also, for brevity the HER/HOR and OER/ORR are denoted with HER and

OER, respectively, unless a property specifically related to the HOR or the ORR is

discussed.

2.2 Thermodynamics and the electrochemical potential scale

As mentioned in the previous section, the electrolysis of water consumes energy and

combustion of hydrogen releases it. The enthalpy (H) change of a reaction is simply

the enthalpy difference of the products and the reactants.

Δ𝐻𝑗 = Σ𝐻products − Σ𝐻reactants (2.5)

This is the maximum useful energy released in a reaction, or the minimum required

to drive one. If losses could be avoided, the combustion of a fuel would produce as

much energy as its production consumes. In practice, this never happens and energy

is lost in the process. Note that the above definition directly leads to the sign of the

enthalpy depending on the direction of the reaction

Δ𝐻EW = −Δ𝐻HC (2.6)

EW, again, stands for the electrolysis of water and HC for hydrogen combustion.

Although the enthalpy is the maximum work released in a reaction, it is not the

maximum electric work. This quantity is given by the Gibbs free energy (G) that is

defined as the energy change of a reaction in constant temperature and pressure. The

difference between enthalpy and the Gibbs free energy is the entropy (S) difference of

the products and the reactants

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 (2.7)

where 𝑇 is the temperature in Kelvins. The entropy and Gibbs free energy changes

are defined similarly to the enthalpy change. The Gibbs free energy change of a

reaction indicates both the thermodynamic voltage of the reaction and its spontaneity.

If Δ𝐺 < 0, the reaction is spontaneous and releases energy, whereas in the opposite

case (uphill reaction) energy needs to be supplied for the reaction to occur. The sign

of Δ𝐺 depends on the direction of the reaction, similarly to the enthalpy, hydrogen

combustion being spontaneous (Δ𝐺 < 0) and electrolysis requiring energy (Δ𝐺 > 0).
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The thermodynamic voltage of a reaction is given by its Gibbs free energy and the

amount of electrons involved in the reaction [63]

𝐸 = −Δ𝐺
𝑛𝐹

(2.8)

where the number of electrons exchanged in the total reaction is 𝑛 and 𝐹 is the Faraday

constant. Regardless of the sign of Δ𝐺, the magnitude of the difference corresponds to

the reversible voltage of the reaction, that is, the highest voltage that the spontaneous

reaction can maintain or the minimum voltage required to drive an uphill reaction.

Because the sign of Δ𝐺 includes information about the direction of the reaction, so

does the sign of the voltage, unless only its absolute value is used. A positive voltage

corresponds to a spontaneous reaction and released energy, whereas a negative voltage

to the energy required to drive the reaction.

Since the entropy change of the electrolysis of water is positive (Δ𝑆 > 0), the Gibbs

free energy change is smaller than the enthalpy change (Δ𝐺 < Δ𝐻), meaning that

the reaction consumes heat from its environment. Note that Δ𝑆 > 0 is possible also

when Δ𝐺 < 0, which is the reason why the theoretical maximum electric efficiency

(defined as 𝜂 = Δ𝐺∕Δ𝐻) of some reactions can be more than 100% (e.g. solid carbon

oxidation) [64].

As mentioned previously, an electrochemical reaction consists of oxidation and

reduction half-reactions. In general, the voltage of an electrochemical cell with arbitrary

electrode potentials is

𝐸 = 𝑉cathode − 𝑉anode (2.9)

The electrodes are defined so that the reduction half-reaction occurs at the cathode

and oxidation at the anode. Inserting the thermodynamic potentials of the reactions to

this equation produces the theoretical voltage of the cell.

In Figure 2.1 the electrochemical potentials (V) and energy levels (U) of the reactions

are illustrated. The levels in the figure are arbitrary and only illustrate the general

principle. When the levels 1 and 2 are considered as the potential levels of the half-

reactions, the spontaneous direction of the reaction corresponds to oxidation (anode)

at level 1 and reduction (cathode) at level 2. In terms of the potentials 𝑉1 = 𝑉anode

and 𝑉2 = 𝑉cathode. In the case of water electrolysis and hydrogen combustion, HER

(reaction (2.3)) corresponds to level 1 and OER (reaction (2.2)) to level 2.

For the electrolysis of water, the most relevant reference potentials are the stadard

hydrogen electrode (SHE, VSHE) and reversible hydrogen electrode (RHE, VRHE) that

both correspond to the theoretical potential of the HER. While VSHE is the potential in
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Figure 2.1. Illustration of the electron energy (U, i.e. vacuum scale or similar) and electrochemical
potential scales (V). The spontaneous total reaction corresponds to 1 being the anode and 2
the cathode. The vertical dashed line only indicates the electrolyte between the electrodes.

standardized conditions (cH+=1 M, pH2
=1 bar), VRHE is just the equilibrium potential

in the electrolyte in question. The energy of electrons at rest in a vacuum is the common

reference level (0 eV) for the energy scale and lower energies have negative values.

This is also called the physical energy scale. For the electrode potentials, a similar

scale that uses the vacuum level as the reference, called the absolute potential scale,

can be constructed. The difference between the SHE and the vacuum potential has

been calculated to be 4.44 (± 0.02) V (in water at 25◦C)[65].

𝑉abs = 𝑉SHE + 4.44 (±0.02) 𝑉 (2.10)

The absolute potential scale and the physical energy scale are deceptively similar,

because they use the same energy/potential level as their reference level and effectively

measure the same quantity. Only their units and therefore, following equation (2.8),

their signs are different: The physical scale measures the energy of the electrons (eV)

and the absolute scale their potential (V), so the values in the absolute scale increase

when those in the physical scale decrease (i.e. −2 eV in the physical scale corresponds

to 2 V in the absolute potential scale) [65].

The potentials discussed so far, except the RHE, correspond to the thermodynamic

reference potentials. In practice, the equilibrium potential of a reaction is affected by

the concentrations of the participating species according to the Nernst equation [63].

𝑉 = 𝑉 0 +
𝑘𝐵𝑇

𝑛𝑞𝑒
ln
⎛⎜⎜⎜⎝
∏
𝑂

𝑎
𝜈𝑂
𝑂∏

𝑅

𝑎
𝜈𝑅
𝑅

⎞⎟⎟⎟⎠ (2.11)

The sign convention of the electrochemical potential scale means that decreasing

the activity (concentration) of the oxidation products (aO) makes the potential more

negative and decreasing the activity of the reduction products (aR) more positive. All

activities are raised to the power of their stoichiometric coefficient 𝜈O or 𝜈R. The
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elementary charge is marked with qe, Boltzmann constant with kB and temperature

in Kelvins with T. The thermodynamic potential with unity activities (𝑎 = 1 for all

reactants and products) is V0. Typically, the activities for ions in a solution are marked

with the ratio of their concentration and the reference concentration (𝑎𝑗 = 𝑐𝑗∕𝑐0,

𝑐0 = 1 M = 1 mol/l) and, since the reference concentration 𝑐0 = 1 M, often only the

concentration in moles per litre is used.

2.3 Thermodynamics of water electrolysis

Depending on the design of and the conditions within the electrolyzer, water in it

can be either liquid or vapor (gas). Therefore, there are two relevant enthalpy values

associated with the energy required by the electrolysis: the higher and the lower

heating value (HHV and LHV, respectively). Their difference is the latent heat of

vaporization of water (44 kJ/mol at 298.15 K, see Table 2.1), the HHV corresponding

to the electrolysis of liquid water and the LHV to water vapor.

Table 2.1. The absolute values of the heating values and the Gibbs free energies of the electrolysis of
water (at and 298.15 K and 1 bar, per mole of H2 or H2O) [66]

.

H/G kJ/mol V

Δ𝐻HHV 286.02 1.482

Δ𝐻LHV 241.98 1.254

Δ𝐺l 237.34 1.230

Δ𝐺g 228.74 1.185

Similarly to the enthalpy, the Gibbs free energy of the electrolysis of water depends

on the phase of water. For liquid water the Gibbs free energy is 237.74 kJ/mol (Δ𝐺l, at

298.15 K and atmospheric pressure, see Table 2.1) and for water vapor 228.74 kJ/mol

(Δ𝐺g) [66]. The (absolute values of the) heating values and the Gibbs free energies of

electrolysis are shown in Table 2.1 together with the corresponding voltages (equation

(2.8), i.e. both kJ/mol and V). Note that these quantities depend on the temperature

and pressure. The Gibbs free energy (hence the theoretical voltage) decreases as

temperature increases [66, 67]. Because the energies correspond to the combustion of

hydrogen, 𝑛 = 2.

The exact reason for the difference in the Gibbs free energy is actually not the phase of

water, but the pressure of the water vapor. Enthalpy, Gibbs free energy, and entropy are

state quantities, so only their differences between liquid water and water vapor need to

be studied, when considering the different reaction energies. When the vapor pressure

is equal to the equilibrium vapor pressure, the liquid and vapor are in equilibrium.

Therefore, the Gibbs free energy change of vaporizing a liquid to its equilibirum vapor
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pressure is zero (Δ𝐺 = 0), hence the entropy of the process corresponds to the enthalpy

of vaporization (equation (2.7)). For water at 298.15 K the equilibrium vapor pressure

is 0.03169 bar [68], but, as mentioned, Δ𝐺g corresponds to 1 bar pressure, namely 1 bar

vapor pressure. Isothermal compression from the equilibrium vapor pressure to 1 bar

reduces the entropy by about 8.6 kJ/mol, increasing the entropy change of electrolysis.

(See also Nernst equation, equation (2.11), 𝑎 = 𝑝∕𝑝0 = 0.03169, 𝑛 = 2 and 𝜈 = 1

yield about 44 mV voltage reduction.) Therefore, an additional 8.6 kJ/mol is deducted

from the LHV, resulting in a reduced Δ𝐺 (see equation (2.7)), when compared to

liquid water. (The activity of liquid water is 1.)

The lower energies for the electrolysis of water vapor may seem to imply that it

could be easier to produce H2 from water vapor than from liquid water, but it has to

be remembered that first the water needs to be vaporized, unless ambient moisture is

used as the feedstock. The energy consumed in vaporization is by definition (at least)

the energy difference of the HHV and the LHV, about 44 kJ/mol. Also, in the case of

ambient moisture, the vapor pressure is at most the equilibrium vapor pressure, hence

the Gibbs free energy is actually equal to or higher than the Gibbs free energy of the

liquid electrolysis. Therefore, the thermodynamics of the vapor electrolysis are not

necessarily as favorable as the LHV and Gibbs free energy suggest. On the other hand,

similarly to the vapor pressure, in Table 2.1 the pressure of both H2 and O2 is assumed

to be 1 bar. Reducing their pressure (e.g. via enhanced product removal) would reduce

the Gibbs free energy of the electrolysis of both the liquid water and water vapor.

While the efficiency of the fuel cells is based on the HHV of H2 combustion, the

reporting standard of the STH efficiency of the PEC cells is based on the Gibbs free

energy (Δ𝐺l) [66, 69]. The reason for using the Gibbs free energy is that it corresponds

to the maximum obtainable electric energy of H2 combustion and it also provides

a more conservative estimate of the device performance [69]. Consequently, if the

total efficiency from solar irradiation to electricity via H2 is studied, multiplying the

STH and fuel cell efficiencies with each other will underestimate the total efficiency

by about 17%, the difference of the HHV and Δ𝐺. Therefore, the different reporting

standards have to be considered to avoid systematic errors in these calculations.

Although the minimum voltage requirement of the electrolysis corresponds to the

Gibbs free energy (1.23 V), the minimum energy requirement for thermo-neutral

operation (reactants and products at the same temperature) of the reaction corresponds

to the HHV (1.48 V) [9, 33]. The energy difference needs to be supplied as heat to

maintain thermo-neutral electrolysis [9, 33]. In practice, this has little significance,

because the voltage losses from the reaction kinetics and electron and mass transport

mean that a minimum voltage of 1.7 – 2.0 V is needed anyway [11, 33].

The potentials and energies discussed so far correspond to the thermodynamic
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reference potentials. In practice, as indicated by the Nernst equation (equation (2.11))

and discussed regarding Δ𝐺g, the concentrations of the products and reactants affect

both the Gibbs free energy of the total reaction and the potential levels of the half-

reactions [66]. In the case of gases, also H2, the pressure is typically used and p0=1 bar.

However, most of the discussion is related to the electrolysis of liquid water, in which

case the H2 and O2 molecules on the electrode surface are the active species, hence

their activity corresponds to their concentration, so concentration is used here instead

of pressure. In aqueous electrolytes pressure of 1 bar corresponds to a H2 concentration

of about 0,8 mM and O2 concentration of about 1.3 mM [70–72]. (Note that this means

that 𝑐0
𝐻2

= 0.8mM and 𝑐0
𝑂2

= 1.3mM.) The Gibbs free energy of electrolysis and the

Nernst potentials of the HER and the OER are.

Δ𝐺 = Δ𝐺0 + 𝑘𝐵𝑁𝐴𝑇 ln

(
𝑐𝐻2

𝑐0
𝐻2𝑂

𝑐0
𝐻2
𝑐𝐻2𝑂

√
𝑐𝑂2

𝑐0
𝑂2

)
(2.12)

𝑉RHE = 𝑉SHE +
𝑘𝐵𝑇

𝑞𝑒
ln
⎛⎜⎜⎜⎝
𝑐𝐻+

𝑐0
𝐻+

√√√√𝑐0
𝐻2

𝑐𝐻2

⎞⎟⎟⎟⎠ (2.13)

𝑉OER = 𝑉 0
OER +

𝑘𝐵𝑇

𝑞𝑒
ln
⎛⎜⎜⎜⎝
𝑐𝐻+

𝑐0
𝐻+

√√√√𝑐0
𝐻2𝑂

𝑐𝐻2𝑂

(
𝑐𝑂2

𝑐0
𝑂2

)1∕4⎞⎟⎟⎟⎠ (2.14)

Note that ΔG0 is positive. The Nernst potentials can be derived from the stoichiometry

of the half reactions (reactions (2.2) and (2.3)) and the Nernst equation (equation

(2.11)). The Gibbs free energy is a commonly known result (e.g. [66]) that can also

be calculated from the potentials. The OER reference potential, 𝑉 0
OER, corresponds

to the Gibbs free energy of the reaction (equation (2.8)) and in SHE conditions at

room temperature 𝑉 0
OER − 𝑉SHE = Δ𝐺0∕2𝐹 = 1.23V. The activity of water is marked

with the concentration ratio and in the case of liquid water the activity is 1. However,

electrolysis of water vapor is also studied [73–77]. As discussed before, the changes in

the vapor pressure affect the Gibbs free energy, thus the activity of water could affect

the OER potential. Therefore, the vapor pressure and the relative humidity of the air

could be important for the vapor electrolyzers [73, 78].
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This Chapter describes the physical operation of the photoelectrolysis cells and

their modeling. Based on Publication I, the first sections describe how the physical

phenomena are connected to each other in the devices and how that is described in

the models. The following sections provide an overview on the device prototypes

in literature and, as an extension to Publication I, also an overview on the economic

analyses about the solar H2 production.

3.1 Basic physical operation

The operation of the solar-powered electrolysis cells involves several physical phe-

nomena. A scheme of these processes in a PEC water splitting device is presented

in Figure 3.1. Following Publication I [79], most phenomena can be categorized

under either light absorption (1. in Figure 3.1), charge transport (2.) or interfacial

reactions (HER/OER). In large systems that operate to store energy as H2, rather than

small laboratory devices made for research purposes, also the removal of H2 and O2

from the electrolyte and other related processes (3.) need to be considered [24, 80].

Electron-hole recombination (4.) could be considered a part of charge transport, but it

is also often discussed separately. Heat transport also affects the operation and may

need to be considered especially with concentrated sunlight, but in general it is not

a crucial part of the device operation [81]. Here the processes are introduced briefly

and discussion about their modeling can be found from Section 3.2.

The energy conversion begins with the absorption of a photon (h𝜈) that excites

an electron (e-) from the VB to the CB, leaving a hole (h+) behind (1. in Figure

3.1). Light absorption involves the optical properties of the entire device, although

perhaps the most important parameter is the absorption coefficient (spectrum) of the

absorber material. Light absorption in other materials is also important, because strong

absorption in other components than the designated absorber reduces the photocurrent,

so it is preferable, if these materials are optically transparent. For example, highly
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Figure 3.1. Scheme of the operation of a PEC tandem water splitting device, consisting of two
semiconductor PEs. Light absorption (1.), band bending, charge (2.) and mass transport
(3.), HER and OER as well as electron-hole recombination (4.), are illustrated. Although the
band edge positions are positioned correctly with respect to each other and both the HER
and the OER, the energy differences in the scheme are not drawn to scale.

absorptive catalysts cannot necessarily be employed in the amounts that the electric

performance would require, because the optical limitations will otherwise limit the

photocurrent [37].

Charge transport (2.) involves the mechanisms leading to charge separation,

phenomena involved in the movement of electrons and holes and in their recombination

processes (4.). Most commonly, charge separation is considered to be driven by an

electric field (band bending, the curvature of the energy bands in Figure 3.1) at either

the solid-liquid (electrode-electrolyte) interface or at the solid state (p-n) junctions

within the electrode [12, 13, 82, 83]. However, also kinetic asymmetry can lead to

efficient charge separation, as for example in the dye-sensitized solar cells (DSCs)

[13, 82, 84]. Dye-sensitized electrodes are studied also for water splitting [85, 86].

Although the reactions at the interface are different from the DSCs and the kinetic

charge separation is not as efficient, the basic principle is the same: if the kinetics

of charge injection to electrode and HER or OER is faster than the kinetics of the

recombination processes, efficient charge separation can be accomplished [84–87].

Drift in an electric field can be used to enhance charge separation and transport in

the devices. While important, it is not essential for charge separation [82]. The electric

field is commonly referred to as band bending and it corresponds to an electric potential

induced by a net charge density (�⃗� = −∇𝑉BB). Therefore, it is convenient to represent

the spatial potential differences and the electric field graphically as the curvature of the

CB and the VB [88–92]. (See also Figure 3.2.) The term flat band and the associated

terms also refer to this concept, more specifically to the state with no electric field

present in the semiconductor [92]. Several phenomena can create a net charge density
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in some part of the PE that is then called the space charge region in general [92].

Depending on concentrations of the majority and minority carriers, this region can be

called the accumulation, depletion or inversion layer (illustrated in Figure 3.2) [92].

Because band bending is associated with a spatial distribution of the potential, also

different size effects can become important with small semiconductor and/or catalyst

particles [92–99]. Another central phenomenon for charge transport is diffusion that

always contributes to charge transport to some extent and in nanostructures it may

even be the dominant mechanism, since the structure size can prevent significant

electric field from being formed [92]. Depending on how fast charge transport and

recombination are, some fraction of the electrons and holes will recombine and not

reach the interface, where the HER and OER occur.

Figure 3.2. Schematic illustrations of band bending and the the energy levels and charge carrier
concentrations in an n-type semiconductor. The blue dotted lines indicate the thickness of
the space charge region, D. ne = free electron density; nh = free hole density; ni = intrinsic
carrier density. Reproduced with permission from Ref. [92]. Copyright 2012 American
Chemical Society.

A brief overview of HER and OER was given in Section 2.1. The voltage losses

from the OER are significantly larger than from the HER [11, 18]. Catalysts are

typically employed in the devices to reduce the voltage losses. In most cases, it is

sufficient to consider the PE operation as a voltage (and current) source for the catalysts,

but there are also cases, in which the PE-catalyst interface is not independent of the

catalyst-electrolyte interface [100, 101].

One factor limiting the performance of the OER catalysts is that, apparently on

several catalyst surfaces, the reaction intermediates interact with the surface through

the same atom configuration [57, 102–105]. Because of this, the free energy changes

of the individual reaction steps are related to each other in a way that makes at least

one elementary step of the OER thermodynamically unfavourable (uphill) at the
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thermodynamic potential (1.23 V vs. RHE), significantly slowing the reaction kinetics

[57, 102–105]. At least in principle it should also be possible to design surfaces that

would break this scaling relation and limitation of the OER kinetics, but it likely will

not be an easy task [103]. Nonetheless, optimizing materials even within this scaling

relation can significantly improve the catalytic performance [60, 105, 106].

Currently, much of the research is focused on developing the PE materials: absorbers,

catalysts and other materials. Although in the present device prototypes the main

concerns about the electrolyte may be related to its pH and electrode stability, also

mass transport of both the reactants and the products (3. in Figure 3.1) needs to be

considered in larger devices.

3.2 Main modeling approaches

As discussed in the previous section, the device operation can be roughly divided into

light absorption (and optics), charge transport and electrochemistry (including mass

transport). Additionally, in H2 production devices, the electrolyte circulation and gas

separation would be part of the system operation. For the STH efficiency all steps

from light absorption to H2 collection are equally important, because the processes

proceed in series and therefore no process can compensate for the poor efficiency of

another one.

Multiphysics models couple together the physical phenomena in a device and can

be used to predict what effects some change will have on the macroscopic device

characteristics. This ability is naturally limited to what is taken into account and

what approximations are applied, but within these confines the physical models can

be effective tools for discovering the interactions of the modeled phenomena and

even possible emergent behavior. Although the models describe the operation of an

entire device, it is quite typical for one area of operation to be emphasized over the

others, while the rest of the device acts as a background or boundary conditions for it.

Examples of this include all aspects of device operation: the optical properties of the

PE [107], charge transport in the PE [108, 109], reaction kinetics ([110], although for

photocatalytic decomposition of hydrocarbons) and mass transport in the electrolyte

[35, 38]. This is possible, because the operation areas do not significantly intervene

with each other, meaning in practice that the effect of one operation area on another

can be described as a boundary condition or a similar simple term.

When changing the focus from one process to another, also the character of the device

operation can shift somewhat. From the point of view of the optical performance,

the rest of the device converts the energy of the absorbed photons to H2 at the

electrode-electrolyte interface. The main method of improving this efficiency is to
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improve light absorption, both the total amount of absorbed photons and their spatial

distribution. On the other hand, focusing on the charge transport emphasizes the PE

operation, conduction of the absorbed energy to the reaction sites, while the optics and

electrochemistry are treated as an electron source and concentration or flux boundary

condition, respectively. If the reaction kinetics of the HER and the OER are considered,

the rest of the device serves to supply these reactions with the required electric power

and the optimization focuses on the reaction kinetics, although sometimes, for example,

also light absorption in the catalysts has to be considered [37]. A step further in the

process chain, emphasizing the transport of the electrolyte solution and the produced

gases considers the device as a source of H2 and O2.

The optical properties of a material depend on its electron structure. Charge excitation

and transport affect this to some extent and therefore the properties of the excited state

and its charge transfer dynamics can be probed optically (e.g. [111, 112]). However,

nearly always the effect is so small that the optical generation rate is commonly

considered independent of the electron and hole concentrations. Therefore, the charge

transport models are mostly independent of the used optical model and it is possible

to determine the optical pair generation rate in separate simulations before charge

transport simulations.

Optical modeling is based on the Maxwell’s equations, but, depending on the modeled

scenario, they can be simplified considerably. In the simplest cases, if the optical

properties are irrelevant for the study in question, they (and charge transport) can be

neglected in favor of, for example, a realistic estimate of the current density at an

electrode [35, 38, 74]. Depending on the studied system, different details may need to

be taken into account and the methods depend on the geometry of the system, ranging

from the Beer-Lambert law [37] and transfer matrix method for 1D stacks [113–115] to

the Mie theory [116, 117] and rigorous solutions to Maxwell’s equations for arbitrary

geometries [118–120].

A common approach to modeling charge transport in the PE is the drift-diffusion

model that describes the charge carrier concentrations in semiconductors with their

flux (diffusion and drift in the electric field) and source terms originating from different

physical processes [89, 90]. Extending the model by coupling these terms to different

models is possible, but at its core the drift-diffusion model describes the transport

of the excited electrons and holes with the continuation equation. For the electron

concentration n in the PE this is:

𝜕𝑛

𝜕𝑡
= ∇ ⋅ 𝑗𝑛 + 𝐺opt −𝑅rec −𝑅HER (3.1)

The electron flux is 𝑗𝑛 that is the sum of the diffusion flux and drift in the electric field,
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which both depend on the electron (hole) concentration distribution [89, 90]. Optical

electron-hole pair generation rate is𝐺opt, recombination rate𝑅rec and the consumption

or generation rate due to HER (or OER) is𝑅HER. The signs of the optical generation and

recombination emphasize their increasing and decreasing effects on the concentration,

respectively. Although the terms corresponding to some recombination mechanisms

can be simplified to depend only on the minority carrier concentration, in general

the recombination term depends on both concentrations and therefore mathematically

couples the electron and hole concentrations together [89, 121]. The HER term is also

indicated as an electron sink, since a properly functioning PE consumes CB electrons

to drive the HER (or VB holes to drive the OER), but, depending on for instance the

external voltage bias, it could also act as an electron (hole) source. At this level of

modeling, the continuation equation for the holes would be identical to equation (3.1),

except the electron concentration n would be replaced with the hole concentration,

commonly marked with p, and HER would be replaced with OER, if the anode was

discussed.

As the goal of the water splitting devices is to produce H2, the rates of the HER and

the OER are the most important measures of the device performance. The standard

method for describing both reactions is to use the Butler-Volmer (B-V) equation with

the appropriate parameters [18, 35, 91, 101]. Although originally derived for a single-

electron transfer reaction, also multi-step reactions are described with a more general

B-V equation that is (neglecting the reactant concentrations) [63, 122].

𝑖 = 𝑖0
(
𝑒
𝛼𝑎𝑞𝑒𝜂

𝑘𝐵𝑇 − 𝑒
−𝛼𝑐𝑞𝑒𝜂
𝑘𝐵𝑇

)
(3.2)

The exchange current density, i0, is a measure of how rapid the electron transfer across

the interface is and the reaction mechanism determines both the anodic (𝛼𝑎) and the

cathodic (𝛼𝑐) charge transfer coefficient. The overpotential 𝜂 is the potential difference

to the equilibrium potential of the reaction. For a single-electron transfer reaction

𝛼𝑎 + 𝛼𝑐 = 1.

If the HER and the OER occur only on the surface of metal catalysts, the B-V equation

leads to the overpotentials depending only on the potential level on the catalyst surface

and the electrolyte (potential levels, concentrations, mass transport). This allows

effectively decoupling the electrochemical operation from the rest of the device, since

the voltage losses for a given current density can be added together afterwards. For

metallic catalysts, the approach based on the B-V equation works well, but when other

materials are considered, different models of reaction kinetics are required [101, 123].

In semiconductors, the energy level of electrons (or holes) at the electrolyte interface

is ideally fixed and changing the Fermi-level (applied potential) affects only the
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electron/hole concentration. The rate of reduction by CB electrons and rate of oxidation

by VB holes are therefore controlled by the Fermi-level. However, as a difference

to metals, the rates of the reverse reactions of these processes are often not affected,

because changes in the Fermi-level within the bandgap do not appreciably affect the

rate of electron injection to the CB or electron extraction from the VB. These factors

together lead to the diode equation that is controlled by the Fermi-level of the relevant

carrier species [124]. However, in general, and especially when the potential levels at

the interface are not fixed, the reaction rates must be expressed in terms of electron

and hole concentrations [88, 110, 124]. In practice, this means that the overpotentials

and reaction rates at the interface cannot be described completely independently of the

charge transport.

An important class of materials, whose behavior has been accurately characterized

only recently are the so-called adaptive catalysts [100, 101, 125]. In their case the

electrolyte-permeability of the material allows the electrolyte to contact the entire

catalyst layer and the redox chemistry of the catalyst layer affects the energy barrier of

the junction between the semiconductor and the catalyst [100, 101, 125]. Therefore,

this solid junction is not independent of the electrochemical operation of the catalyst

[101, 125].

Although accurate enough as a part of a device simulation and used to interpret

experimental data, a single B-V equation does not really offer much insight into the

reaction kinetics of multi-step reactions. It allows fitting the measured data to a few

parameters and trying to gain insight from this information (e.g. Section 3.5. in [63]),

but does not allow studying how the details of the reaction steps affect these parameters.

Studies about the effects of the relative rates of different reaction paths and steps require

more detailed kinetic models that take into account each reaction step and intermediate

product concentration [61, 110, 126]. Although in general more laborious to solve than

the B-V equation, these kinetic models are excellent in exploring the effects of kinetic

details on the macroscopic observables. Recent analysis about the HER and OER

demonstrates effectively the capabilities of the kinetic models in describing different

scenarios of reaction kinetics [61]. In most cases, it may be necessary to numerically

solve the system of rate expressions, but with simplifications, analytical expressions

about both the HER and the OER can be derived at least for some limiting cases [61].

Transport of the reactants and reaction products is also an important part of the

electrochemical operation of the devices. A poor design of the reactor may even lead

to reactant starvation in some parts of the electrodes [38]. Computational studies have

also demonstrated that in near-neutral electrolytes a significant concentration difference

between the electrodes can be created, leading to large voltage losses [127, 128]. As

water is almost transparent to visible light and mass transport models need only flux
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boundary conditions as a PE description, mass transport in the electrolyte can be

modeled quite separately from the rest of the device [28, 35, 38, 74].

There are counterexamples to the general rule of the different processes not inter-

vening with each other. A relatively straightforward case is the light absorption in the

catalysts on the PE surface, which may lead to very thin layers being employed to not

reduce the photocurrent [37]. A more surprising example involving optics and charge

transport was presented in a recent study about metal-halide perovskite PV cells [129].

The article focused on PV cells, but the same material is also studied for powering

water electrolysis, although not immersed in the electrolyte due to its vulnerability

to water [130, 131]. In this case, it was observed that the spatial distribution of the

photoluminescence spectrum could not be explained with simple light absorption and

electron transport, but allowing photon recycling (the photons created upon radiative

recombination can be absorbed and excite electrons to the CB) seemed to explain the

experimental results [129]. The fact that radiative recombination creates a photon

population, from which a significant fraction is absorbed within the perovskite means

that the electrons and holes are not the only energy carriers within the cell (or PE),

but the photons contribute to energy transport as well [129]. This observation is a

good reminder of the fact that the electrons and holes only serve as a temporary energy

storage and energy carriers in the PEs and PVs. Although the voltage output is, by

definition, determined by the Gibbs free energy of the electrons and holes at the electric

contacts [90], this definition is indifferent to how the electrons and holes at the contacts

receive their energy. The common, often correct, assumption is that the carriers get

their energy from the absorbed photons, travel the entire distance to the contacts and

should they recombine, their energy is lost. Photon recycling extends and modifies

this by introducing optical energy transport in parallel to the electron transport. In

addition to the electron-hole pairs, also the photons from radiative recombination are

now employed within the PE/PV as energy carriers contributing to the free energy of

the electrons and holes at the contacts.

In addition to optics, charge transport and electrochemistry, the underlying microscop-

ical material properties can be considered a fourth main subtopic related to the device

models. For that, the first principles methods, such as the density functional theory

(DFT), are a central tool [132–135]. However, also more macroscopical methods, such

as random walk simulations, are used, when studying the properties of nanocrystalline

materials and other disordered material, whose properties do not fully correspond to

their bulk material properties, but depend also on the internal structure of the material

[136, 137]. In both cases, the material properties correspond to phenomena that occur

at such short length and timescales that their averages are typically sufficient for the

charge transport, optical and electrochemical models.

36



Photoelectrolysis cells

3.3 Device prototypes

Several device architectures have been studied for the solar-powered H2 production

from water [12, 13, 21] and the physical constraints of the operation allow high

STH efficiencies with several different device structures [17, 18, 34, 138]. Although

not essential to understanding the device operation and development possibilities,

categorizing the devices according to some relevant principles can be helpful for that

purpose. The categorization criteria in literature include, for instance, the technological

maturity of the devices [32], the physical basis of the device operation [13] and the

physical separation between the light absorber and the reaction sites of HER and OER

[12]. Regardless of the basis of the categorization, the goal of these reviews is to

provide insights about the common and differentiating factors between different device

configurations that ultimately could be used to guide the development of the devices.

Figure 3.3. Schematic illustration of the different types of solar-powered water splitting devices and the
transition from the monolithic PEC devices (a) to PV-powered electrolysis (g). Conceptually,
numbers (2) and (5) are perhaps the most central transitions. Number (2) corresponds to the
addition of a protective layer between the electrolyte and the PE. As the voltage generation
in the protected PEs (c) is often based on buried pn-junction(s), (2) can be considered as the
division to the PV (c) and the PEC (b) operation. Number (5), on the other hand, transfers
the PE out of the electrolyte, which means that corrosion protection of the PE against the
electrolyte is no longer needed. While (2) corresponded to the transition from the PEC to the
PV operation, (5) corresponds to the transition from the devices immersed in the electrolyte
to the conventional PV-electrolysis (f). Reproduced from Ref. [12] with permission from
The Royal Society of Chemistry.

As an illustration, the categorization according to the separation between the light
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absorber and the reaction sites is shown in Figure 3.3, illustrating that the PEC cells

and PV-electrolysis represent the extremes of a continuum of device geometries, rather

than being two completely unrelated topics. The significance of the transitions (1) –

(6) is explained in Ref. [12] and will not be discussed here in detail.

Typical device prototypes include at least two voltage-generating junctions connected

electrically in series to generate photovoltage sufficient for the electrolysis [11, 17, 18,

34, 138]. Although in an ideal case high efficiency would be possible even with a single-

junction device, in practice the available materials cannot achieve this [15, 18, 138].

The multi-junction devices can consist of multiple junctions of either the same material

[130, 139] or different materials [140–143]. From the optical standpoint the main

difference between the two configurations is that identical elements have to be placed

next to each other to maximize photocurrent, whereas different materials can be

stacked on top of each other to optimize the use of different wavelength ranges of the

solar spectrum [24, 139]. In both configurations the photocurrent is reduced quite

similarly, because in the optimal configuration the utilizable photon flux is divided

by the number of junctions. Identical junctions naturally each yield the same voltage,

whereas the combination of different bandgaps reduces the energy (voltage) losses of

high energy photons compared to an optimized single-bandgap device, which enables

higher efficiencies [15, 17, 24]. Compared to a combination of different materials,

the advantages of identical elements are reduced manufacturing complexity and costs

[139]. The voltage losses from the serial connection are small, so the total voltage

of the device is not reduced significantly [139]. Therefore, its electric efficiency is

the same as the efficiency of a single cell, but with the advantage that the multiplied

voltage is high enough for the electrolysis.

The idea of coupling two or more different semiconductors in series to construct a

device capable of higher voltage and efficiency may sound simple, but in fact, even the

accurate characterization of a multi-bandgap device is a challenge in itself. In addition

to the common error sources related to the active area of the device, also the mismatch of

the irradiance spectrum between the wavelength ranges of the absorbers with different

bandgaps can lead to errors in the measured efficiency [144]. Nevertheless, in the

recent years the general trend has been an increase in both the number of prototypes

and their efficiency, which seems promising despite the possible inaccuracies in the

efficiency of the multi-bandgap devices [21].

Concentrator arrays and photocatalyst particle suspensions are also among the studied

device configurations [24]. From the point of view of the device configuration the

concentrating devices have solar tracking and concentrating optics added to them [24].

Tracking will naturally consume some energy, but it will provide the device with a

more consistent light intensity. Concentration increases light intensity significantly,
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which will of course increase the operating current density, leading to increased

photovoltage, operating temperature and bubble formation [24, 145]. The physical

operating principles of the nanoparticles, similarly, do not really differ from the other

devices, but compacting the entire device to a significantly smaller volume may create

some unique challenges [146]. One important consequence is that the suspended

particles generate both the H2 and the O2 in the same volume, creating an explosive

mixture, unless two different particle types are separated to different compartments

that are connected to each other with a suitable redox shuttle [13, 24, 147].

The devices discussed thus far are based on the electrolysis of liquid water. This is

the dominating concept in the literature, but also devices based on water vapor have

been studied recently [73–77]. In liquid water the proton or hydroxide concentration

would probably first limit the reaction rate, whereas in vapor systems the water supply

is critical [76, 77]. However, this should not be so severe that it would limit the current

density of the vapor-based devices more than light absorption in the PEs [74–76].

Analogously to gas crossover causing recombination that wastes photocurrent [36],

if air has an access to the cathode, the reduction of the O2 in the air (i.e. ORR) can

compete with the HER, decreasing the net H2 production rate [76, 77]. Although the

vapor-based devices could require an insulated cathode compartment possibly filled

with inert gas (no O2) to avoid ORR, their advantage is that they could produce H2

from the ambient moisture, ”out of thin air”, hence water would not need to be supplied

from elsewhere and liquid circulation systems would not be needed. Additionally,

the purity requirements of water, the risk of catalyst corrosion and contamination are

reduced compared to liquid electrolytes (in contact with ion conductive membranes)

[75].

3.4 Net energy balance and economic factors

A fundamental requirement for any energy harvesting system is that it should generate

more energy during its lifetime than its production consumes. In terms of energy-return

on energy-invested (EROI, also EROEI), the value of the EROI-ratio should at the

very least be more than 1 [148].

EROI =
𝐸returned to society

𝐸required by the production
(3.3)

A more sophisticated analysis that took into account also the costs of delivering the

produced energy to the consumer (transportation, infrastructure maintenance etc.)

indicated that a minimum EROI of 3 is required to maintain a modern society [148].

For comparison, the EROI of PV electricity ranges from 3 to 10, global petroleum
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production has an EROI of about 20 and coal about 40–80 [23, 148, 149].

Although little is known about the manufacturing costs and lifecycle of the PEC

devices due to the immaturity of the technology, the analyses indicate that, based on

the current level of technology, PEC water splitting should be capable of net energy

harvesting, but at relatively modest EROI-ratios: In one study, a combination of

5% STH efficiency and 5 years lifetime yielded an EROI of little more than 1 and

improvements to 10% and 10 years would increase the EROI to about 4 [25]. In a

later study with several same authors, the base case H2 production facility (10% STH

efficiency, 10 years cell lifetime and 40 years facility life span) was estimated to have

an EROI of 1.66 [149]. Even in the most optimistic scenario (20% STH efficiency, 20

years cell lifetime and 60 years facility life span) the EROI was only a little higher than

3 [149]. The difference between the two studies originates from the energy cost of the

balance of systems being included in the second, facility-level study [149]. As much

of the data contains significant uncertainties, both better and worse performance in

real systems is possible, depending on the future technological development [25, 149].

In both cases, the cell efficiency and lifetime were the most effective ways to improve

the energy balance and reduce the cost of H2 [25, 149], which matches earlier results

about the cost of H2 [24, 150]. From these calculations, and from the apparent lack

of existing PEC hydrogen production facilities, it is clear that the technology must be

improved to enable large-scale energy harvesting and storage via solar H2 production.

The current prices of energy, electricity and H2 are defined by fossil fuels, since

they correspond to about 80% of the global primary energy supply, 70% of electricity

and 95% of H2 production [1, 22]. About half of the produced H2 originates from

the steam reforming of methane that is also the cheapest H2 production method at

a price of about $1.4 per kilogram of H2 (kgH2
) [22, 23]. The price estimates for

H2 produced with reasonably optimized PEC-cells, PV-driven electrolyzers or even

nanoparticle photocatalysts range from as low as about $0.8/kgH2
to about $12/kgH2

[23, 24, 150–152]. The most recent analysis about the cost of PV-driven electrolysis

and PEC H2 production places the price of both methods at about $10/kgH2
[23].

The most significant factors for the H2 cost in an optimized system appear to be the

cost of the PE/PV components, electrolyzer or separator membrane and concentrator,

if one is used [23, 24, 151, 152]. The cost of catalysts can be significant in a system

with equal PE and catalyst surface areas [151]. However, the current densities that

unconcentrated sunlight allows are so low that singificantly lower amounts of catalyst

allow H2 production at a much lower cost without significant efficiency losses [23, 151].

When different HER and OER catalysts were studied (Pt was included as a HER

catalyst), it was found that in almost all cases the economically optimal ratio of

electrolyzer area to PE area was of the order of 0.4%–4% [151]. Although the OER is
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responsible for higher overpotential than the HER, the optimal electrode area appeared

to depend mostly on the choice of the HER catalyst. The largest difference between

two HER catalysts with the same OER catalyst was about ten-fold, whereas between

two OER catalysts with the same HER catalyst the largest difference was about three-

fold [151]. The most likely explanation is that the exchange current densities of the

studied HER catalysts varied more than those of the studied OER catalysts (about

5000-fold and about 60-fold differences between the highest and lowest values) [151].

Therefore, the choice of the HER catalyst would affect the voltage losses and thus

the H2 production cost through the STH efficiency more than the choice of the OER

catalyst. However, this result applies to one study and a small collection of catalysts.

In general, there should be no reason why the choice of the OER catalyst would not be

as important as the choice of the HER catalyst.

As will be discussed in more detail later in Chapter 5, the results from the simulations

in Publication II indicate that the use of Pt in TW-scale H2 production may be possible

with HER overpotentials between 50 mV and 100 mV and catalyst loadings, whose

surface area is about 2%–5% of the PE area. This estimate was not based on the price

of Pt, but on the HER overpotential and consumption compared to the annual mining

production. Therefore, it is very fortunate, if the catalyst surface area range of about

0.5%–5% indeed corresponds to both the technological feasibility and the economic

optimum. However, there is at least one caveat associated with this coincidence:

Because much of the latest information about the HER kinetics on Pt in high-mass

transport-rate conditions was published after the economic study, the kinetic parameters

of Pt (namely, the exchange current density and the charge transfer coefficient) used in

it most likely do not reflect the true HER kinetics on Pt [41, 56, 151, 153]. Repeating

the analysis with different, more accurate parameter values could naturally yield a

different optimal catalyst area and thus affect the concurrence of the economic and the

technological optimum.

Overall, in an optimized PEC-system (or in a PV-driven electrolyzer) the costs of the

catalysts represent only a small fraction of the total capital costs [23, 151]. This leaves

the cost of the PE/PV as the most significant component [23]. The estimates about

its contribution to the H2 cost range from about $1/kgH2
to about $5/kgH2

[23, 151].

Considering that in both cases the price of the PV is $90–100/m2 [23, 151], the PV

price cannot explain the difference in the H2 cost and it is probably due to some subtler

difference in the methodologies. An earlier analysis that also yielded a price of about

$10/kgH2
, used a price of $153/m2 as the base case for the PEC cell [24], which is

practically equal to the $154/m2 total PEC cell cost in the more recent analysis [23], so

in this respect both the $1/kgH2
and the $5/kgH2

appear consistent with earlier studies.

The cost estimates for the components and other assumptions in all studies appear
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very similar to each other [23, 24, 151, 152]. Therefore, it is surprising that the

contribution of the PE/PV cost includes an uncertainty of about $4/kgH2
that probably

originates from some differences in the calculation methodology or assumptions

[23, 151]. As most analyses lean toward the higher costs, it would seem reasonable to

say that the cost of PV/PEC H2 is likely about $10/kgH2
with the current technology,

as the most recent estimate states [23]. Nonetheless, even if the price was $6/kgH2
,

significant technological developments and/or breakthroughs would be needed to

achieve commercial viability. Whether or not this cost level is possible with the

PV-electrolyzer systems, their technology is at least sufficiently mature for practical

energy harvesting [21, 32]. In the case of the PEC-devices, significant developments

are needed to achieve the stage, where long-term practical energy conversion is even

possible [21, 32].
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4. Mathematical models and
simulations

This Chapter contains the description of the physical phenomena simulated in

Publications II – IV, the mathematical models used in these Publications and practical

details related to applying these model to simulations. Some Sections are relevant only

for a single Publication, but especially Section 4.1 provides information useful for all

of them.

4.1 Hydrogen evolution reaction

4.1.1 Reaction kinetics and H2 transport

The central process in the Publications was the HER on Pt (in acid). When considering

only the reaction kinetics, Pt is an excellent HER catalyst, but how good exactly has

been discovered only recently. The conventional wisdom is that the exchange current

density on Pt in acid is of the order of 1 – 10 mA/cm2 (see Figure 4.1) [41, 154]. Recent

results for Pt nanoparticles have defied this by yielding approximately hundredfold

exchange current densities, 100 – 1000 mA/cm2, depending on the temperature (about

100 mA/cm2 in room temperature) [40, 41, 153, 154]. Additionally, the charge transfer

coefficients (𝛼), and thus the determined reaction mechanisms, are different in these

two cases: 𝛼 = 2 (or about 30 mV/decade Tafel-slope) according to the conventional

wisdom, but 𝛼 = 0.5 (about 120 mV/decade) with the high exchange current densities

[40, 41, 153, 154]. However, the most likely explanation of these differences is the

neglect of H2 transport in most measurements in liquid electrolytes with a rotating

disc electrode (RDE) [41, 154].

Recent results indicate that on the electrode surface the H2 concentration could

become over 300-fold compared to the equilibrium concentration, before bubble

formation begins [70, 71]. From the Nernst equation (equation (2.13)), it follows

that in room temperature this corresponds to about 70–75 mV overpotential. Because

the exchange current density of the HER on Pt is significantly higher than a typical
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Figure 4.1. Comparison of the conventional wisdom (grey band) about the HER kinetics on Pt and
the recent results on Pt nanoparticles in high mass transport -conditions (blue). The mass
transport overpotential due to H2 transport with 𝑖lim,H2

= 3mA/cm2 (black line, equation
(4.29)) is shown for comparison.

H2 mass transport limitation with a RDE, the kinetic losses at low current densities

would be negligible and the H2 transport would dominate the current-overpotential

behavior (see also Figure 4.1). Since the estimates about the HER kinetics on Pt

are typically based on the potential range within 50–100 mV of the equilibrium, the

measured overpotential would correspond almost entirely to the mass transport losses

[40, 41, 56, 153, 154]. Determining the reaction kinetics from such an IV-curve would

yield an exchange current density determined by the H2 transport limitation and 𝛼 = 2

[40, 41, 56, 153, 154].

The central research questions for Publication II were how low Pt loading would

produce too high overpotentials and how high the Pt consumption in TW-scale H2

production would be with that loading. The incentive for reducing the Pt loading

was related to earlier observations that the voltage losses with the state-of-the-art

Pt loadings were very small, meaning that smaller amounts of catalyst could allow

operation with still tolerable losses. The Tafel-slope of the overpotential had been

determined to be 30 mV/decade [45], which in retrospect is an indication of mass

transport -controlled operation.

The model was derived to study how the HER kinetics, mass transport (both protons

and H2) and the amount of Pt on the electrode surface affect the total overpotential.

For that, it was important that the model could reproduce the transition, described

ahead, from rapid kinetics in high mass transport conditions to slower apparent kinetics

in low mass transport rate conditions. To enable this, the model should reproduce

the correct Nernst potential, regardless of the assumed reaction mechanism. With a

single B-V equation this would not be possible, if the Tafel step was assumed to be the
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rate-limiting step (RLS), so a more detailed kinetic model had to be used.

4.1.2 Reaction mechanisms

The HER/HOR occurs via three elementary steps, called the Volmer, Heyrovsky and

Tafel steps. In acid these steps are [40, 43, 155]

𝐻+ + 𝑒− + ∙ ⇌ 𝐻 ∙ Volmer (4.1)

𝐻 ∙ +𝐻+ + 𝑒− ⇌ 𝐻2 + ∙ Heyrovsky (4.2)

2𝐻 ∙ ⇌ 𝐻2 + 2 ∙ Tafel (4.3)

Vacant reaction sites are marked with • and H• denotes a hydrogen atom adsorbed on

the electrode surface, occupying one reaction site. From these steps, two distinct

mechanisms, namely Volmer-Heyrovsky (V-H) and Volmer-Tafel (V-T), can be

constructed [155–157]. The total reaction rate can be dominated by either mechanism,

or, at least in principle, they may proceed simultaneously in parallel [155, 157]. If

the reaction is dominated by the V-T mechanism near equilibrium, it is possible that

with increasing overpotential the reaction becomes dominated by the V-H mechanism,

because the Tafel step begins to limit the rate of the V-T path [155–157]. On occasion,

one can encounter the current (density) of the Tafel step being used in literature

(e.g. [155]). While certainly a useful concept, it is also slightly misleading, since

only Volmer and Heyrovsky steps are electrochemical reactions and contribute to the

current density. Tafel step does not, because it does not include electron transfer across

the electrode-electrolyte interface [61].

In the case of both the V-H and the V-T mechanism either step may be clearly

slower than the other, i.e. the RLS of the reaction. This means that there are four

possible combinations of the reaction mechanism and the RLS [61]. A simplified

analysis of the extreme cases yields a 30 mV/decade Tafel-slope for the Tafel step as

the RLS, 40 mv/decade for Heyrovsky as the RLS and 120 mV/decade for Volmer as

the RLS [40, 61]. Therefore, it initially seems that the Tafel-slope could be used as a

diagnostic tool for recognizing at least the RLS of the HER. However, in reality, mass

transport most often also contributes to the measured overpotential and also Heyrovsky

and Tafel as the RLS may produce a 120 mV/decade slope, so the slope cannot be

considered a reliable indicator of the RLS [61]. As discussed in the previous section,

when the exchange current density is significantly higher than the limiting current

density of the H2 transport, H2 transport produces a 30 mV/decade Tafel-slope for the

HER, giving the impression of Tafel-limited kinetics, regardless of the true reaction

mechanism (Figure 4.1) [41, 61, 154, 158]. Therefore, although the Tafel-slope could
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be an excellent tool for determining the reaction mechanism, in practice it can be

associated with too many uncertainties to be reliable as the only indicator for this

purpose.

4.1.3 Mathematical model of the reaction kinetics

The model of the reaction kinetics that was used in the Publications is based on

earlier models that allow simultaneous Heyrovsky and Tafel reactions [155, 156]. The

fraction of the reaction sites occupied by H•, Θ, is also taken into account, which

allows simulating situations, in which the common assumptions (constant Θ, usually

either Θ ≈ 0 or Θ ≈ 1) are invalid [61]. Additionally, in the Publications of this

dissertation, both the H2 and proton concentrations are taken into account. Although

the mass transport effects of the proton concentration are generally small, this gives a

direct access to them and the equilibrium potential with given bulk concentrations (i.e.

pH and H2 pressure).

In the following, the basis of the reaction kinetics model used in Publications II – IV

is discussed. The net rate of the reactions is the forward rate (HOR) with the reverse

rate (HER) deducted from it [155]. Therefore, positive net rate corresponds to the

HOR and negative to the HER.

𝜈𝑉 = 𝑘+𝑉Θ𝑒𝛼𝑉
(
𝑉 ′−𝑉 ′

Ref

)
− 𝑘−𝑉 (1 − Θ)𝑐𝐻+𝑒(𝛼𝑉 −1)

(
𝑉 ′−𝑉 ′

Ref

)
Volmer (4.4)

𝜈𝐻 = 𝑘+𝐻 (1 − Θ)𝑐𝐻2
𝑒𝛼𝐻

(
𝑉 ′−𝑉 ′

Ref

)
− 𝑘−𝐻Θ𝑐𝐻+𝑒(𝛼𝐻−1)

(
𝑉 ′−𝑉 ′

Ref

)
Heyrovsky (4.5)

𝜈𝑇 = 𝑘+𝑇 (1 − Θ)2𝑐𝐻2
− 𝑘−𝑇Θ2 Tafel (4.6)

𝑉 ′ =
𝑞𝑒

𝑘𝐵𝑇
𝑉 (4.7)

The concentration of the molar species n is cn and the rate constants of the reactions

are marked with k’s. The letter in the subscript of the rate constant denotes the reaction

and the sign marks the direction of the reaction (+: HOR, −: HER). The potential

𝑉 ′
Ref is a fixed reference potential level, where the net rate of the reaction is 0 with

some fixed concentrations. The HER and HOR rates at this potential are equal to

each other and this rate (called the exchange rate) corresponds to the exchange current

density of the reaction in question. The most important reference potential for the

HER is the SHE potential that corresponds to cH+=1 M and pH2
=1 bar. The charge

transfer coefficient of the reaction j is 𝛼𝑗 and 0 ≤ 𝛼𝑗 ≤ 1. For HER on Pt, it is

commonly accepted that 𝛼𝑉 = 𝛼𝐻 = ½ [41, 126, 155]. This model assumes that only

the overpotential, concentrations and surface hydrogen coverage affect the current

density and other factors that could affect it are not considered. Over a moderate

potential and concentration range this may work well, but it neglects, for instance, the
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possible effects of the binding energy of the hydrogen atoms and its dependency on

the pH (proton concentration) of the electrolyte [40, 43, 52]. The effect of the reaction

site blocking on Θ (see e.g. [153]) is also neglected.

It is typically thought that the exchange current density of the HER is determined

by only the RLS, but it can depend on the kinetics of more than one elementary step

[153]. The exchange rates in the SHE conditions (𝑉 = 𝑉Ref = 𝑉SHE, see eq. (2.13))

can be written as

𝜈0,𝑉 = 𝑘+𝑉Θ0 = 𝑘−𝑉 (1 − Θ0)𝑐0
𝐻+ (4.8)

𝜈0,𝐻 = 𝑘+𝐻 (1 − Θ0)𝑐0
𝐻2

= 𝑘−𝐻Θ0𝑐0
𝐻+ (4.9)

𝜈0,𝑇 = 𝑘+𝑇 (1 − Θ0)2𝑐0
𝐻2

= 𝑘−𝑇
(
Θ0)2 (4.10)

The equilibrium concentrations and hydrogen coverage are marked with the superscript

0. However, the exchange rate 𝜈0 is marked with subscript, because it corresponds

to the exchange current density that is conventionally marked with subscript 0. The

unit of the reaction rates has not been specified so far, as it was not necessary for the

discussion. The convention is that unit of the exchange rates is mol/(m2 s) (i.e. m/s for

most rate constants) and the exchange current densities of the Volmer and Heyrovsky

steps are equal to the respective exchange rate multiplied by the Faraday constant.

Note that if the concentrations in the electrolyte differ from the reference conditions,

the concentration dependence of the exchange rates is not necessarily linear, because

also the concentration dependence of VRHE (equation (2.13)) affects the exchange rates

of the Volmer and the Heyrovsky step (equations (4.4) and (4.5)). The full concentra-

tion dependencies of this model can be calculated by inserting the concentrations to

equations (4.4) – (4.6). It could be necessary to extend the model to take into account

the effects of other factors, such as the hydrogen binding energy (and the effect of the

electrolyte composition on it), on the reaction rate for the model to be able to reproduce

the experimental trends [40, 43, 153].

Using the exchange rates in the SHE conditions, the reaction rates can be written as

𝜈𝑉 = 𝜈0,𝑉

(
Θ
Θ0 𝑒

𝛼𝑉 𝜂
′ −
( 1 − Θ
1 − Θ0

) 𝑐𝐻+

𝑐0
𝐻+

𝑒(𝛼𝑉 −1)𝜂′
)

(4.11)

𝜈𝐻 = 𝜈0,𝐻

(( 1 − Θ
1 − Θ0

) 𝑐𝐻2

𝑐0
𝐻2

𝑒𝛼𝐻𝜂
′ −

Θ 𝑐𝐻+

Θ0 𝑐0
𝐻+

𝑒(𝛼𝐻−1)𝜂′
)

(4.12)

𝜈𝑇 = 𝜈0,𝑇

(( 1 − Θ
1 − Θ0

)2 𝑐𝐻2

𝑐0
𝐻2

−
( Θ
Θ0

)2)
(4.13)

𝜂′ = 𝑉 ′ − 𝑉 ′
SHE (4.14)
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This formulation was used in the Publications, except that exchange current densities

were used instead of exchange rates and the exchange rates of the Heyrovsky and

Tafel steps compared to the Volmer step were marked with 𝑟𝐻 = 𝜈0,𝐻∕𝜈0,𝑉 and

𝑟𝑇 = 𝜈0,𝑇 ∕𝜈0,𝑉 . It was assumed that 𝛼𝑉 = 𝛼𝐻 = ½ and the equilibrium coverage

(Θ0) was a parameter and not derived from the rate constants. The current density is

the sum of the Volmer and Heyrovsky rates multiplied with the Faraday constant. In

steady state Θ does not change over time, which couples the Tafel rate to the Volmer

and Heyrovsky rates, thus allowing to solve the coverage analytically.

𝑖 = 𝑞𝑒
(
𝜈𝑉 + 𝜈𝐻

)
(4.15)

𝑑Θ
𝑑𝑡

= 2 𝜈𝑇 + 𝜈𝐻 − 𝜈𝑉 = 0 (4.16)

The factor 2 comes from the fact that the Tafel step consumes/produces two adsorbed

hydrogen atoms at once, whereas both the Volmer and Heyrovsky step only involve

one. The steady state assumption allows forming a quadratic equation of Θ, from

which it can be solved analytically. Using the notation in equations (4.11) – (4.13)

yields [155, 159, 160]

𝐴Θ2 + 𝐵Θ + 𝐶 = 0 (4.17)

Θ =
⎧⎪⎨⎪⎩

−𝐵−
√
𝐵2−4𝐴𝐶
2𝐴 if 𝐴 ≠ 0

−𝐶

𝐵
if 𝐴 = 0

(4.18)

𝐴 = 𝜈0,𝑇
⎡⎢⎢⎣

𝑐𝐻2

𝑐0
𝐻2

(
1 − Θ0

)2 − 1(
Θ0
)2 ⎤⎥⎥⎦ (4.19)

𝐵 = −4𝜈0,𝑇
𝑐𝐻2

𝑐0
𝐻2

(
1 − Θ0

)2 − 𝜈0,𝐻

[
𝑐𝐻2

𝑒𝛼𝐻𝜂
′

𝑐0
𝐻2

(
1 − Θ0

) + 𝑐𝐻+𝑒(𝛼𝐻−1)𝜂′

𝑐0
𝐻+Θ0

]

− 𝜈0,𝑉

[
𝑒𝛼𝑉 𝜂

′

Θ0 +
𝑐𝐻+𝑒(𝛼𝑉 −1)𝜂′

𝑐0
𝐻+

(
1 − Θ0

)] (4.20)

𝐶 = 2𝜈0,𝑇
𝑐𝐻2

𝑐0
𝐻2

(
1 − Θ0

)2 + 𝜈0,𝐻
𝑐𝐻2

𝑒𝛼𝐻𝜂
′

𝑐0
𝐻2

(
1 − Θ0

) + 𝜈0,𝑉 𝑒𝛼𝑉 𝜂′Θ0 (4.21)

The negative root is the physically meaningful solution (0 ≤ Θ ≤ 1 and Θ = Θ0 in

equilibrium conditions). The notation in the Publications follows Ref. [155], that is

𝑟𝐻 = 𝜈0,𝐻∕𝜈0,𝑉 and 𝑟𝑇 = 𝜈0,𝑇 ∕𝜈0,𝑉 , and exchange current density 𝑖0,𝑉 = 𝐹 ⋅ 𝜈0,𝑉 is

used instead of the exchange rate, 𝜈0,𝑉 , which leads to little different expressions for

A, B and C.
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This model allows solving the hydrogen coverage of the catalyst at a given com-

bination of surface concentrations and potential, which then enables the calculation

of the current density. Alternatively, if the concentrations are solved as a function

of the current density, the entire system may need to be solved numerically from

these expressions. If the Heyrovsky step can be neglected, the coverage can be solved

analytically from the current density and the potential is solved numerically from those

two, as was done in Publication IV (see Section 4.3).

4.2 Mass transport model

4.2.1 Drift-diffusion and electroneutrality

The concentration profiles in the simulations were determined with a drift-diffusion

model. In its time dependent-form the continuity equation for the species n is

𝑑𝑐𝑛

𝑑𝑡
= −∇ ⋅ 𝑗𝑛 +𝑅𝑛 (4.22)

The reaction rates are given by the term(s) Rn. For the protons and H2 the HER/HOR

is a source term, but in practice it is implemented as a flux boundary condition, since

it affects the electrolyte only on the catalyst surface. The molar flux of species n, 𝑗𝑛, is

the sum of the diffusional flux and drift in the electric field �⃗�

𝑗𝑛 = 𝐷𝑛

(
−∇𝑐𝑛 + 𝑧𝑛

𝑞𝑒

𝑘𝐵𝑇
�⃗�

)
(4.23)

The charge number of the ion is zn and its mobility has been substituted with

the diffusion coefficient according to the Einstein relation 𝜇𝑛 = 𝐷𝑛 𝑞𝑒∕
(
𝑘𝐵𝑇

)
.

Electroneutrality means that at any location in the electrolyte the charge density is

zero.
𝑁∑
𝑛=1

𝑧𝑛𝑐𝑛 = 0 (4.24)

Consequently, in a binary electrolyte the concentration profiles of the cation and

anion are otherwise identical, but one is a multiple of the other by the ratio of their

charge numbers. Since perchloric acid (HClO4) was considered in the simulations,

the electrolyte is a 1:1 electrolyte, meaning 𝑐𝐻+ = 𝑐ClO4
− = 𝑐. (Hereafter, the anion

concentration is marked with 𝑐−.) Mathematically, the situation is represented by a

potential gradient that is negligible in most of the electrolyte. In 1:1 electrolyte, where

electroneutrality applies (𝑐− = 𝑐𝐻+), the potential gradient is
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∇𝑉𝑙 = −
𝑘𝐵𝑇

𝑞𝑒

[
𝐷𝐻+ −𝐷−
𝐷𝐻+ +𝐷−

∇ ln

(
𝑐𝐻+

𝑐𝑏
𝐻+

)
− �⃗�

𝑞𝑒𝑁𝐴 𝑐𝐻+
(
𝐷𝐻+ +𝐷−

)] (4.25)

�⃗� = −
∇𝑉𝑙
𝜖𝑟

(4.26)

The superscript b marks the concentration in the bulk electrolyte and the subscript l

of the potential stands for liquid, as in the electric potential in the liquid electrolyte.

In the bulk electrolyte 𝑉𝑙 = 0, which is the boundary condition that together with the

concentration boundary condition determines the denominator of the concentration

fraction. The current density vector in the electrolyte is �⃗� and the second term of

the potential gradient corresponds to the resistive losses in the electrolyte. The

contributions of the two terms of equation (4.25) can be separated easily, using

the functional form of the first term: Integrating the gradient of the logarithm

over the diffusion layer yields the logarithm of the concentration fraction (plus a

constant that is zero, if the denominator corresponds to the concentration boundary

condition). The resistive losses can then be calculated, when the total electric potential

and proton concentration at the catalyst surface are known. When considering the

potential gradient, the constant in the denominator of the concentration fraction is

irrelevant, because the logarithm is simplified to ∇ ln
(
𝑐𝐻+∕𝑐𝑏

𝐻+

)
=
(
∇𝑐𝐻+

)
∕𝑐𝐻+ and

is therefore actually independent of the constant. Here the functional serves mainly to

illustrate the conceptual similarity to the Nernst potential (equation (2.13)).

In most electrolytes the diffusion coefficients of the cation and anion are approx-

imately equal, in which case the first term is negligible. However, the diffusion

coefficients of protons and hydroxide ions in water are significantly higher than those

of other ions or molecules. Although some details of the process are ambiguous, in

general the reason for the anomalously high mobility is that in water the protons move

by hopping between molecules rather than by diffusing among them, a process known

as the Grotthuss mechanism [53, 161–163].

Overall, the electroneutrality is a good approximation of the conditions in the

electrolyte. However, at the immediate vicinity of the catalyst the double layer

(neglected here) would affect the potential and concentration profiles. Even without

an explicit double layer, the difference in the flux boundary conditions would yield

a net charge density at the immediate vicinity of the catalyst that would then create

an electric potential that is not included in equation (4.25). Because this term would

reflect the combination of the drift-diffusion model and electrostatistics in the absence

of an explicit double layer model, it could behave similarly to the Gouy-Chapman

model.
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4.2.2 Mass transport losses

When mass transport of species n is linear, as the drift-diffusion model is, the surface

concentration (𝑐𝑛) depends on the bulk concentration (𝑐𝑏
𝑛
), current density (i) and the

limiting current density of the mass transport (ilim,n) as

𝑐𝑛

𝑐𝑏
𝑛

= 1 − 𝑖

𝑖lim,n
(4.27)

The signs of the limiting current densities of mass transport correspond to the reaction

they limit, meaning that 𝑖lim,H2
> 0 and 𝑖lim,H+ < 0.

As previously discussed in Section 4.1, the effect of the H2 transport on the HER

overpotential on Pt in acid is significant, although apparently not well-known [41,

158]. In typical experimental conditions in acidic electrolyte the equilibrium proton

concentration is 0.1–1 M, whereas with 1 bar H2 pressure the concentration is only

about 0.8 mM [70, 71]. Because the mass transport and generation/consumption rates

of both species on the catalyst surface are roughly similar to each other, the relative

change in H2 concentration is significantly larger than in the proton concentration.

Therefore, when mass transport of H2 is diffusive, the Nernst potential at the electrode

surface (see equation (2.13)) is approximately given by the current density and the

H2 mass transport limitation. When the exchange current density of the catalyst is

significantly higher than the mass transport limitation, the kinetic losses at low current

densities are negligible and the total overpotential is approximately equal to the mass

transport losses.

𝑉 ≈ 𝑉RHE −
𝑘𝐵𝑇

2𝑞𝑒
ln

(
𝑐𝐻2

𝑐𝑏
𝐻2

)
= 𝑉RHE −

𝑘𝐵𝑇

2𝑞𝑒
ln

(
1 − 𝑖

𝑖lim,H2

)
(4.28)

𝑖 ≈ 𝑖lim,H2

(
1 − 𝑒

−2𝑞𝑒(𝑉 −𝑉RHE)
𝑘𝐵𝑇

)
(4.29)

The equilibrium potential in the bulk electrolyte is VRHE, the electric potential on the

catalyst surface V and the meaning of the other symbols is the same as earlier. Whether

the current density is normalized per catalyst or per electrode area does not matter, as

long as the same normalization is used with 𝑖lim,H2
. (The ”H2 transport -limited” curve

in Figure 4.1 is given by equation (4.29).)

The Nernst potential at the catalyst surface neglects the small electric potential

in the electrolyte (equation (4.25)). Because, similarly to the Nernst potential, this

unavoidably arises from the transport of ions in the electrolyte, the total mass transport

overpotential in the electrolyte is the sum of the Nernst potential and the electric

potential Vl (equation (4.25)) at the catalyst surface.
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Figure 4.2. The ohmic losses (black) and surface proton concentration (dotted blue line) as function of
the current density per electrode area for 1000 ng/cm2 loading. The solid black line indicates
the losses determined from the simulations and the dashed black line the ideal behavior that
corresponds to the electrolyte conductivity in equilibrium. (cH+= cClO−

4
= 1 M, 41.69 S/m, i.e.

0.024Ωm, 100𝜇m thick diffusion layer)

The measured IV-curves were corrected for the resistive losses. However, this

correction was not performed for the simulations, because the resistive losses in the

electrolyte (the second term in equation (4.25)) were negligible, only 0.2–0.3 mV at

10 mA/cm2, as Figure 4.2 indicates. Figure 4.2 shows the resistive losses for a 100𝜇m

thick diffusion layer with the model that was used in Publication II (although the

diffusion layer thickness in most of the simulations there is 5𝜇m). These losses were

determined by deducting the first term of equation (4.25) from the potential at the

catalyst surface, assuming 𝑐𝐻+ = 𝑐−. In the simulations the enforced electroneutrality

guaranteed that the concentrations were equal, so Figure 4.2 should describe the

resistive losses accurately. However, in general, assuming equal proton and anion

concentrations could in principle lead to errors due to the possibility of slightly different

concentrations near the catalyst.

The resistive losses in simulations were linear with respect to the current density

over a large current density range, as the overlap with the line indicating ideal ohmic

behavior (dashed black line) illustrates. The reason for the resistive losses increasing

faster than linearly with respect to the current density is the decrease in the proton

(and anion) concentration (dotted blue line), which leads to decreased conductivity.

(Coincidentally, the lines indicating the resistive losses and proton concentration

intersect at approximately this point.) Because the conductivity depends on the

protons and perchlorate ions, biasing the electrode to HOR would not appreciably

increase the conductivity of the electrolyte, unless the H2 mass transport limitation

was approximately equal to or higher than the HER mass transport limitation.

52



Mathematical models and simulations

4.2.3 Hydrogen supersaturation and bubbles

The equilibrium concentration of H2 in water under 1 bar pressure is approximately

0.8 mM [68, 70, 71]. HER is a gas evolving reaction, hence there are gas bubbles in the

electrolyte at sufficiently high current densities and there is evidence that nanometre-

sized bubbles are created when H2 is produced [164–166]. These nanobubbles can

act as the nucleation centers for the formation of larger bubbles [164, 165]. Before

these nanobubbles are formed, the supersaturation of the dissolved H2 molecules near

the surface can be extremely high, even over 300-fold compared to the equilibrium

concentration [70, 71]. It is also possible that most of the H2 bubbled into the electrolyte

is in nanobubbles, instead of dissolved molecules [49]. While the nanobubbles on the

electrode surface may be stable, those elsewhere in the electrolyte appear to be transient,

but present for hours after electrolysis [49, 164–166]. Therefore, although the bubbled

H2 will disappear from the electrolyte, for most considerations the nanobubbles can

probably be regarded as a stable background concentration [49, 164, 165].

In Publication III the drift-diffusion model presented in the previous section was

modified to take into account the H2 bubbles. It was assumed that most of the H2

is in the nanobubbles and only a small fraction as dissolved molecules. Because the

bubbles occupied a portion of the electrolyte volume, the molar flux of all species

in the liquid was multiplied by the liquid volume fraction 𝑓𝑙 (i.e. the fraction of the

electrolyte volume not occupied by the gas bubbles)

𝑗𝑛 = 𝑓𝑙 𝐷𝑛

(
−∇𝑐𝑛 + 𝑧𝑛

𝑞𝑒

𝑘𝐵𝑇
�⃗�

)
(4.30)

Similarly to this, the production or consumption rate on the Pt surface corresponded

to the current density multiplied by the liquid volume fraction.

The introduction of the kinetics of the H2 exchange between the bubbles and the liquid

was the second important modification that was made. This exchange was described

with a source term that depended on the H2 concentration and the volume fraction of

the gas bubbles, 𝑓𝑔. The derivation of this equation can be found in Publication III.

𝑅𝑔𝑙 = 𝑘diss
6𝑓𝑔
𝑑𝑏

(
𝑝H2

𝑘H,H2

− 𝑐H2

)
(4.31)

In short, this rate depends on the total bubble surface area, concentration difference over

the gas-liquid interface and the reaction rate constant, 𝑘diss. A positive rate correspond

to gas in the bubbles dissolving into the liquid and a negative rate to the molecules in

the liquid forming gas bubbles. It is assumed that all bubbles are spherical and their

diameter is constant, 𝑑𝑏, meaning that bubble growth is neglected.
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The continuity equation of the gas transport is

𝜕𝑓𝑔𝜌𝑔

𝜕𝑡
= −∇ ⋅

(
𝑓𝑔𝜌𝑔𝑣𝑔

)
− 𝑚𝑔𝑙 (4.32)

The volume fraction of the gas is 𝑓𝑔 = 1 − 𝑓𝑙, the density of the gas in the bubbles 𝜌𝑔
and the product of the two is called the effective density of the gas. The mass exchange

between the gas bubbles and liquid electrolyte is given by 𝑚𝑔𝑙 = 𝑅𝑔𝑙 ⋅𝑀H2
(equation

(4.31)), in which MH2
is the molar mass of the H2 molecules. Velocity of the gas

bubbles is 𝑣𝑔 that is the sum of the liquid velocity and the drift velocity of the gas.

𝑣𝑔 = 𝑣𝑙 + 𝑣drift (4.33)

𝑣drift = −
𝜇𝑙

𝜌𝑙

∇𝑓𝑔
𝑓𝑔

(4.34)

The density of the liquid (water) is 𝜌𝑙 and its dynamic viscosity 𝜇𝑙. In simulations, the

liquid velocity, 𝑣𝑙, was negligible, so the gas velocity was approximately equal to the

drift velocity. Note that if the liquid velocity is negligible, the gas flux is diffusive and

the volume fraction is analogous to the concentration of the species in the liquid.

4.3 Analytical 1D model of reaction kinetics and mass transport

The motivation for Publication IV was the observation, made in the previous Publica-

tions, that the mass transport losses of H2 were practically independent of the amount

of catalyst, meaning that the mass transport model could likely be simplified to one

dimension. A complementary perspective to this is given in Figure 4.3 that shows

the simulated current density distribution near the catalyst particle with 50 ng/cm2

Pt loading. It is readily apparent that in this case within 30 nm of the particle, the

mass transport has transformed from spherical to 1D perpedicular to the electrode

surface. When considering that the distance to the bulk electrolyte is at least several

micrometres, it is easy to understand why the mass transport losses could mostly

originate from this region of 1D mass transport.

The most important analytical expressions of Publication IV are given here, but their

derivation is not discussed in detail. In short, it is assumed that the mass transport

of both the protons and H2 is linear, meaning that the current density dependence

of their concentration follows equation (4.27). The limiting current densities were

determined from the 1D limit of the 2D simulations (”flat Pt” in Publications II and III).

The kinetic parameters are the same as in Publication II to allow direct comparisons

between 1D and 2D simulations. Most importantly for solving the model 𝑟𝐻 = 0, or
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Figure 4.3. Current density distribution (in mA/cm2) in the electrolyte with 50 ng/cm2 Pt loading and
the boundaries and interfaces in the Comsol model (a – f). The grey lines are the current
flowlines and the black contours are the current density isopotential surfaces. Adapted from
Publication IV - Reproduced by permission of the PCCP Owner Societies.

𝜈0,𝐻 = 0 in equations (4.19) – (4.21), so only the Tafel step produces H2. Therefore,

in the steady state it must consume adsorbed hydrogen atoms at a rate equal to the

proton adsorption rate. This couples the Tafel rate and the current density to each other

𝑖el = 2𝑓surf𝑟𝑇 𝑖0,𝑉

[( 1 − Θ
1 − Θ0

)2 𝑐𝑏𝐻2

𝑐0
𝐻2

(
1 −

𝑖el

𝑖lim,H2

)
−
( Θ
Θ0

)2]
(4.35)

The limiting current density corresponds to the bulk H2 concentration 𝑐𝑏
𝐻2

. Factor 2

results from the stoichiometry of the reaction steps. The current density per elecrode

area is 𝑖el and the ratio of the catalyst and electrode surface areas, 𝑓surf, couples together

the reaction kinetics and mass transport in the electrolyte.

𝑖el = 𝑓surf 𝑖cat (4.36)

𝑓surf =
𝐴cat

𝐴el
(4.37)

The only variables in equation (4.35) are 𝑖el and Θ and either of them can be solved

analytically as a function of the other. Mathematically, it is simpler to start from the

hydrogen coverage and then solve the current density.

𝑖el =
2𝑓surf𝑟𝑇 𝑖0,𝑉

[
𝑐𝑏
𝐻2
𝑐0
𝐻2

(
1−Θ
1−Θ0

)2
−
(

Θ
Θ0

)2]
1 +

2𝑓surf𝑟𝑇 𝑖0,𝑉 𝑐
𝑏
𝐻2

𝑖lim,H2
𝑐0
𝐻2

(
1−Θ
1−Θ0

)2 (4.38)

It is also possible to use the current density as the starting point, which leads to a

quadratic equation analogous to equation (4.17), but independent of the overpotential.

Once both the coverage and current density are known, only the overpotential (vs.

SHE) needs to solved numerically from the Volmer current density
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𝑖el = 𝑓surf𝑖0,𝑉

[
Θ
Θ0 𝑒

𝜂′
2 −

𝑐𝑏
𝐻+

𝑐0
𝐻+

(
1 −

𝑖el

𝑖lim,H+

)( 1 − Θ
1 − Θ0

)
𝑒−

𝜂′
2

]
(4.39)

Similarly to simplifying the B-V equation, this can equation can be linearized near

equilibrium and at high overpotentials the decaying exponential terms can be neglected,

yielding a ”Tafel-equation”. In both cases the overpotential can be solved analytically

as a function of the hydrogen coverage and the current density. The linearized form in

the micropolarization range, and the HER/HOR ”Tafel-equations” are

𝜂′
𝜇
= 2

𝑖el
𝑓surf𝑖0,𝑉

− Θ
Θ0 +

𝑐𝑏
𝐻+

𝑐0
𝐻+

(
1 − 𝑖el

𝑖lim,H+

)(
1−Θ
1−Θ0

)
Θ
Θ0 +

𝑐𝑏
𝐻+

𝑐0
𝐻+

(
1 − 𝑖el

𝑖lim,H+

)(
1−Θ
1−Θ0

) (4.40)

𝜂′HER = −2 ln
⎛⎜⎜⎜⎝

−𝑖el

𝑓surf𝑖0,𝑉
𝑐𝑏
𝐻+

𝑐0
𝐻+

(
1 − 𝑖el

𝑖lim,H+

) (1 − Θ0

1 − Θ

)⎞⎟⎟⎟⎠ (4.41)

𝜂′HOR = 2 ln
(

𝑖elΘ0

𝑓surf𝑖0,𝑉Θ

)
(4.42)

Because the Tafel rate depends on the coverage but is independent of the potential, in

addition to mass transport, also the reaction kinetics can limit the current density. The

kinetic limits (without mass transport losses) can be calculated from equation (4.13)

by inserting Θ = 0 for the HOR and Θ = 1 for the HER limitation. In the case of the

HER the limiting current density is simply the smaller of the kinetic and the mass

transport limitation, because the Tafel-rate does not depend on the proton concentration.

Therefore, inserting Θ = 1 to equation (4.38) also yields the kinetic limiting current

density. However, in the case of the HOR, inserting Θ = 0 into equation (4.38) does

not yield the kinetic limitation, but a combination of the kinetic and mass transport

limitations, because the HOR kinetics depends on the H2 concentration on the catalyst

surface.

𝑖lim,HER,kin =
−2𝑓surf𝑟𝑇 𝑖0,𝑉(

Θ0
)2 (4.43)

𝑖lim,HOR,kin =
2𝑓surf𝑟𝑇 𝑖0,𝑉(
1 − Θ0

)2 𝑐𝑏
𝐻2

𝑐0
𝐻2

(4.44)

𝑖lim,HOR,VT =

2𝑓surf𝑟𝑇 𝑖0,𝑉

(1−Θ0)2
𝑐𝑏
𝐻2
𝑐0
𝐻2

1 + 2𝑓surf𝑟𝑇 𝑖0,𝑉

𝑖lim,H2(1−Θ0)2
𝑐𝑏
𝐻2
𝑐0
𝐻2

(4.45)

After inserting equation (4.44) into equation (4.45) and some algebraic manipulation,
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the HOR limiting current can be expressed as a function of the kinetic and mass

transport limitation.

1
𝑖lim,HOR,VT

= 1
𝑖lim,HOR,kin

+ 1
𝑖lim,H2

(4.46)

Figure 4.4 illustrates the behavior of equation (4.46) and the effect of the catalyst

loading on the total limiting current density. The mass transport limit per electrode

area and kinetic limit per catalyst area are assumed to be constants. Therefore the

kinetic limit per electrode area and mass transport limit per catalyst area depend on the

catalyst loading. The current density normalization (per electrode area or per catalyst

surface area) determines, which of the components is constant and which changes with

f surf.
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Figure 4.4. The total HOR limiting current density as a function of the catalyst surface area fraction for
A) electrode current density and B) catalyst current density. The red, black and blue circles
indicate electrodes in kinetic, mixed and mass transport control, respectively. Reproduced
from Publication IV - Reproduced by permission of the PCCP Owner Societies.

Although one limitation is related to the reaction kinetics, rather than to mass

transport, the behavior of the total limiting current density is mathematically analogous

to the conductivity of series-connected resistors: Each limiting current density

corresponds to the conductivity of a resistor, the inverse of its resistance. The total

resistance is the sum of the individual resistances and therefore the inverse of the total

conductivity is the sum of the inverses of the individual conductivities.
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4.4 Simulations

4.4.1 2D Simulations in Comsol

The 2D simulations were solved numerically with the Comsol Multiphysics software

package (version 5.0) that utilizes the finite element method. Mass transport and the

effect of the catalyst loading were simulated using the diffusion domain approach

[167, 168]. In practice, mass transport was simulated in a 2D cylindrical geometry

and the catalyst particle was at the center of the simulated unit cell, as illustrated in

Figure 4.5. Therefore, the simulation geometry was a circular approximation of the

true Voronoi cells of the catalyst particles on the electrode surface [168, 169]. A single

diffusion domain size that exactly corresponded to the Pt loading in question was used

instead of the distribution used in some other studies (see e.g. [168, 169]) to reduce

the required computational effort. The simulations were conducted as 2D in order

to accurately determine the effects of the Pt loading on the mass transport and the

consequent effects on the total overpotential.

r
r

Figure 4.5. Scheme of the simulation unit cell with 50 ng/cm2 Pt loading (r≈30 nm). The grey circles
represent catalyst particles (diameter 5 nm) and the large yellow circle is the simulation
cell of the particle at its center (highlighted with red). Reproduced from Publication IV -
Reproduced by permission of the PCCP Owner Societies.

The initial state corresponded to the equilibrium at 0 V vs. SHE and steady state was

the final state of a transient simulation at a given bias potential. The simulations were

run for 20 seconds simulation time. The proton (and perchlorate) concentration profile

was the slowest property to decay to steady state, which lasted about 10 seconds with

100𝜇m diffusion layer, so by the 20 seconds time the system had certainly decayed to

steady state. The hydrogen coverage of the catalyst and the reaction rates in the given

conditions at the catalyst surface were calculated using external Matlab scripts that

were calculated within the simulations utilizing the Livelink with Matlab extension of

Comsol.

The kinetic parameters were chosen to reflect the latest knowledge about the
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HER kinetics on Pt in acid, meaning Volmer(RLS)-Tafel mechanism and, initially,

200 mA/cm2 exchange current density [40] that was later revised to 100 mA/cm2 [41].

Therefore, 𝛼𝑉 = 0.5, 𝑖0,𝑉 = 100mA/cm2 and 𝑟𝐻 = 0. For the equilibrium coverage

Θ0 = 0.67 was used, based on ref. [170]. The exchange rate of the Tafel step (i.e. 𝑟𝑇 )

used in the analysis about the effect of Pt loading was obtained by comparing the effect

of this parameter on the overpotential to the measurements in Publication II.

4.4.2 Analytical model

Except for solving the total overpotential numerically from equation (4.39), the model

was analytic and therefore only a specifically made Matlab script was required for the

simulations. The simulations used the hydrogen coverage (0 < Θ < 1) as the starting

point, solved the current density from equation (4.38) and then the overpotential

numerically from equation (4.39). In addition to this full 1D model, the simplified

overpotential at the micropolarization and Tafel regions were solved analytically at the

same time with the more accurate numerical solution. The HER current densities were

compared to the proton mass transport limitation before solving the overpotential. If

the kinetics allowed the current density to be higher than the proton transport limit,

the cases with current density surpassing this limitation were neglected.
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5. Results and discussion

The central topics of Publication I were discussed in Chapter 3 and the focus in this

Chapter is in the simulation results of Publications II – IV. This Chapter is divided

into three main Sections that each focus on the results of one Publication each (Section

5.1 on Publication II, 5.2 on III and 5.3 on IV). The most important results are covered

and additional interpretation and clarification is also given for some results.

5.1 Pt as a HER catalyst in photoelectrolysis devices (Publication
II)

The aim of the study in Publication II was to find out how low Pt loading would allow

efficient PEC H2 production. Much of the catalyst research on Pt is done for fuel

cells, electrolyzers and other electrochemical systems, where the current density is

significantly higher than what unconcentrated sunlight enables. Possibly because of

this even the lowest studied Pt loadings in literature are relatively high, typically several

micrograms per cm2 (e.g. [41, 43, 153, 158, 171–173]). If such Pt loadings were used,

the total amount required for PEC H2 production in the terawatt-scale (TW) would

exceed the annual Pt production by a large margin. The possibility of the comparatively

low current density allowing the use of even lower Pt loading had already drawn some

interest, but the amount of deposited Pt and its surface area had not been controlled

accurately [174, 175]. For instance, when atomic layer deposition (ALD) was used, the

electrode geometry and the dependence of the Pt particle size on the Pt loading made

it very difficult to estimate the exact Pt loading and surface area [174]. In Publication

II the planar geometry and controlled particle size allowed good control of both the

particle size and loading. Moreover, because the electrode geometry was planar,

all catalyst particles operated in similar conditions and complications arising from

different operating conditions due to a porous electrode geometry and mass transport

within it were avoided [176].
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5.1.1 Pt loading and HER overpotential

Simulations with literature values for the parameters of the model were used before

sample preparation for determining the relevant catalyst loading range. The results

indicated that reasonably good performance could be achieved with as little as about

100 ng/cm2 of Pt and less than 10 ng/cm2 would perform poorly.

Because it was expected that the mass transport losses could dominate the overpo-

tential with high Pt loadings, their effect was analyzed in detail. The mass transport

losses for different Pt loadings and the fraction of mass transport losses of the total

overpotential are shown in Figure 5.1. What was initially surprising, was that the mass

transport losses were practically independent of the Pt loading, when considering the

current density per electrode area, as indicated by the overlapping dashed lines in

Figure 5.1a. The mass transport losses increased with decreasing Pt loading, but only

very little in the studied loading range. In all cases they also reproduced the expected

Tafel-slope of approximately 30 mV/decade (equation (4.29)). Therefore, almost all

the performance differences between different catalyst loadings were likely caused

only by the differences in the active catalyst surface area of the electrodes. In addition

to the direct effects of the reaction kinetics and mass transport, their interplay with the

catalyst loading affected also the catalyst hydrogen coverage, which had a small effect

on the total overpotential.
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Figure 5.1. A) The simulated HER overpotentials for the indicated loadings. Dashed lines indicate IV
curves assuming only mass transfer losses with no kinetic losses and solid lines indicate
the IV curves for the total overpotential. B) The fraction of mass transport overpotential
of the total overpotential. The grey lines in both A) and B) correspond to a flat Pt surface.
Reproduced from Publication II - Published by The Royal Society of Chemistry.

With the highest studied loading (1000 ng/cm2) the kinetic losses were negligible,

hence the overpotential at low current densities was almost equal to the mass transport

losses (equation (4.29)). Higher loadings would therefore provide only negligible

improvements in the studied current density range. In fact, when compared to

simulations with the electrode surface fully cowered with Pt, the difference was
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significantly smaller than the difference to the other studied Pt loadings, as Figure

5.1a shows. With the lowest loading (10 ng/cm2) the situation was the opposite and

the kinetic losses composed almost the entire overpotential (Figure 5.1b). Therefore,

this loading was used as a proxy for analyzing the effects of the kinetic parameters.

Notably, with as little as 50 ng/cm2 even the measured losses were not significantly

larger than with other state of the art HER catalysts (used in significantly higher

loadings) [177–181].
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Figure 5.2. Measured IV-curves of 10, 50, 200 and 1000 ng/cm2 Pt loadings on TiO2-covered p+|p|n+-
Si PV cell (black lines) and the simulated IV-curves for the same loadings including the
calculated HER overpotentials (𝜂) (green dashed lines). The IV-curve for an ideal PV cell
with n = 1 (grey dashed line) is shown for comparison. Reproduced from Publication II -
Published by The Royal Society of Chemistry.

When considering the performance in a PEC device, it is more illustrative to limit

the analysis to current densities below the photocurrent limitation of the PE. Although

not necessary for considerations about catalyst performance, adding an estimate of the

IV-curve of the PE aids the comparison of the simulations to the measurements. This

comparison is shown in Figure 5.2, in which the diode curve is used as an estimate

of the PE performance and shown with a grey dashed line. Adding the simulated

overpotential to the diode curve then yields the estimate of the PE performance (green

dashed line). Crucially for the validity of the simulations and the analysis about

loadings not studied exprimentally, the performance of the measured devices matched

the simulations well. While the difference between simulation and measurement is

quite large in the case of 50 ng/cm2 and other explanations are also possible, most
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of the difference would be explained by about half of the catalyst surface area being

inactive for some reason (Figure 5.3).
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Figure 5.3. Measured IV-curve with 50 ng/cm2 Pt loading and the simulated IV-curves with 25 ng/cm2

(dashed grey) and 50 ng/cm2 Pt loading (dashed black). The solid light grey line indicates
the IV-curve of an ideal PV cell with n = 1

Especially from Figure 5.2 it is apparent that the difference between 200 ng/cm2

and 1000 ng/cm2 was surprisingly small. The underlying reason is that 1000 ng/cm2

corresponded to the limit of negligible kinetic losses and with 200 ng/cm2 the

overpotential required for 20 mA/cm2 (60 mV) is less than the difference between any

other two studied loadings in the Tafel regime (current density increases exponentially

with the overpotential). For example, assuming a fourfold difference in catalyst loading

and a 120 mv/decade Tafel slope, the difference would be a little more than 70 mV for

a given current density per electrode. However, because the hydrogen coverage was

not constant, in the simulation results the Tafel-slope and the differences between the

loadings were more than 120 mV/decade and 70 mV, respectively.

5.1.2 Pt consumption in large scale H2 production

To have a significant impact on the global energy production, an energy production

technology must be scalable to the TW-scale [1, 3, 4]. Therefore, the consumption per

TW-equivalent of H2 production capacity is an important quantity, when considering

the scalability of the Pt nanoparticles as a part of the photoelectrolysis cells.

As a consequence of the excellent reaction kinetics of Pt, extremely low loadings

achieved good performance. If an overpotential of 50–100 mV for 10 mA/cm2 was

acceptable, only 40–100 ng/cm2 of Pt would be needed, which would correspond to Pt

consumption of about 22–54 tons/TWavg(annual average production rate, assuming

15% capacity factor for the solar energy). Although this is a significant fraction of

the annual Pt production of about 180 tons, it is still only a couple of percents of the

typical estimates about Pt consumption in literature [25, 39]. This does not necessarily
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mean that low Pt loadings could be readily used without being engineered for the

intended purpose, especially because even a small amount of contaminants could have

a large impact on the performance of low catalyst loadings.

The loading range 40–100 ng/cm2 corresponds to a catalyst surface area that is

about 2.2–5.3% of the electrode area. As mentioned in Section 3.4, also the economic

optimum of Pt use may correspond to approximately the same catalyst surface area

[151]. Coincidental or not, it would still be very fortunate, if the same catalyst loading

range corresponded to both the economic optimum and technical feasibility of Pt.

A more surprising observation than the feasibility of low Pt loadings was that other

state of the art catalysts based on abundant materials actually seemed less feasible

for TW-scale H2 production than Pt. The comparison is shown in Table 5.1, whose

data is reproduced from Publication II. Although based on more abundant materials

than Pt, the lower catalytic activity of the other catalysts significantly increases their

consumption. Of the compared catalysts, only FeP seemed more scalable than Pt, but its

HER performance does not seem to be stable [180]. However, Pt is a more optimized

catalyst than the others, so their consumption can likely be decreased more with

engineering and design. Nonetheless, this comparison still illustrates the significance

of the reaction kinetics even for industrial scale feasibility and that the abundance of

the constituent elements alone is not enough to make a catalyst feasible. Although

other economic and technological factors can affect the choice of catalyst, in general

the performance of the other catalysts must be improved for them to be feasible for

large-scale H2 production.

Table 5.1. State of the art HER catalysts and what fraction of the global production (2010) would be
needed to produce H2 at an average 1 TW rate, assuming 15% capacity factor. The value of
Pt corresponds to the simulated losses.

Catalyst Ref. 𝑖(75 mV) [mA/mg] % of annual production/TW

MoS2 [181] 0.6 2200 (of Mo)

CoP [179] 6.5 760 (of Co)

Ni2P [178] 1.5 220 (of Ni)

FeP [180] 48 0.13 (of P)

Pt Pub. II 171600 16

A noteworthy detail that was not discussed in detail in the article is that, when

considering the Pt consumption for a given overpotential specification, the results

were almost independent of the current density per electrode area, which is shown

in Figure 5.4 (also in inset of Figure 6. in Publication II). This may be difficult to

comprehend, when considering the current density per electrode area, but it follows

almost directly from the reaction kinetics and the current density per catalyst area:
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When mass transport is rapid, the total overpotential is approximately equal to the

kinetic overpotential, so the (highest acceptable) overpotential determines the current

density per catalyst area. Assuming a single particle size without overlap between

the particles, the surface area per mass unit is a constant and multiplying the current

density per catalyst area by this constant yields the total current per catalyst mass

(i.e. catalyst consumption). The total fuel production power, on the other hand, is

given by the total H2 production rate, which in turn corresponds to the total current.

Consequently, the Pt consumption per production power is proportional to the inverse

of the current density per catalyst area. This kinetic limit without mass transport

losses is indicated with the solid grey line in Figure 5.4. All in all, the total catalyst

consumption per H2 production power depends on the overpotential via the reaction

kinetics and the catalyst surface area per mass unit. This is independent of the catalyst

loading, insofar as the loading is so low that the particles do not touch each other,

reducing the active surface area. Therefore, at a given overpotential, a given amount

of Pt would yield the same H2 production rate, regardless of how the Pt particles are

dispersed on the electrode(s). In other words, the same amount of Pt would produce

H2 at the same rate both in the conventional electrolyzers and in the photoelectrolysis

cells. In electrolyzers the Pt particles are packed more densely, because the current

density per electrode area is not limited by the photon flux of sunlight.
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Figure 5.4. The Pt consumption per TWavg H2 production rate as a function of the overpotential from
Publication II. The right y-axis shows the current density per Pt surface area that corresponds
to the Pt consumption of the left y-axis. The dashed lines correspond to the overpotentials
required for the indicated current density per electrode area and the solid grey line indicates
the theoretical minimum (for particles d=5 nm) that corresponds to the kinetic overpotential
without mass transport losses.

In practice, the mass transport losses mean that the correspondence between the

overpotential and Pt consumption depends also on the electrode geometry and the

current density per electrode area. In Figure 5.4 the different current densities per

electrode area correspond to different mass transport losses (that are almost indepedent

of the catalyst loading, see equation (4.29) and Figure 5.1). At low current densities

66



Results and discussion

per Pt surface area (i.e. high Pt consumption) the kinetic overpotentials are negligible,

so the overpotential is approximately equal to the mass transport losses. When the

current density per Pt area increases, the reaction kinetics are responsible for most

of the losses at the Tafel-region, which can be seen as all the curves converging to

the kinetic limit. Note that the overpotential (𝜂) versus current density on Pt surface

(iPt) is the fundamental limitation. The surface area per mass unit determines the Pt

consumption for a given total H2 production rate, hence the consumption axis can

be shifted with respect to the kinetic current density by changing the size and the

shape of the particles. In the simulated geometry (spherical particles, d=5 nm, 95%

of the surface area exposed to electrolyte), a consumption of 1000 tons of Pt/TW

corresponds to a current density of about -10 mA/cm2 on Pt surface and 10 tons/TW

to about -103 mA/cm2, as indicated in Figure 5.4.

A central feature of the consumption-overpotential curve follows from the correspon-

dence of the consumption to the inverse of the current density. At high overpotentials

the slope of the curve corresponds to the Tafel-slope of the reaction kinetics and with

reduced overpotential the curve shows the linear behavior of the micropolarization

range. At the transition between these two ranges the current density per catalyst

area begins to decrease rapidly and the catalyst consumption increases equally fast.

Therefore, in this case the Pt consumption per TW quickly becomes unfeasible at

overpotentials below about 30 mV.

Within the micropolarization range the current density depends linearly on the

overpotential

𝑖 =
𝑞𝑒𝑖0

(
𝛼𝑎 + 𝛼𝑐

)
𝜂

𝑘𝐵𝑇
(5.1)

The charge transfer coefficients of the anodic and cathodic branch are 𝛼𝑎 and 𝛼𝑐 . In

the case of ideal single-electron transfer reaction, and also in the case of HER on Pt,

𝛼𝑎+𝛼𝑐 = 1. This equation assumes negligible mass transport losses. Since the catalyst

consumption corresponds to the inverse of the current density, it follows that

𝑀cat =
𝑀0
𝑖0 𝜂

(5.2)

where Mcat is the catalyst consumption and M0 a constant that includes the effect of

all other factors, except the reaction kinetics and overpotential (e.g. surface area per

mass unit). Similarly to equation (5.1), negligible mass transport losses are assumed.

More realistically, equation (5.2) could be considered as the relationship between

the kinetic overpotential and catalyst consumption. From the inverse dependence

on the overpotential, it can be concluded that the consumption increases rapidly as
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the overpotential is reduced. In practice, this could mean that about 50 mV is a

practical minimum overpotential for most reactions and catalysts, unless a material

with excellent catalytic properties is also abundant and does not disturb other areas of

the device operation.

5.2 Hydrogen bubbles in the electrolyte (Publication III)

The model in Publication III focused on the effects of the H2 bubbles on the mass

transport and consequently on the electrode performance. While Publication III was

written after Publication II, the discussed model was initially tested for the simulations

in Publication II. However, because it seemed exhibit diffusive H2 mass transport, but

the simulations were slower to calculate than with actual diffusion model, its analysis

was postponed. The incentive for this article was to study the model in more detail,

especially the origin of the seemingly diffusive H2 transport. In this Publication the

catalyst loading and reaction kinetics were not the main concern, but rather a detail, to

which the model could also be applied.

5.2.1 Maximum bubble volume fraction

In their studies about H2 supersaturation on Pt electrodes, Chen et al. [70, 71]

encountered at most about 310-fold concentration compared to the equilibrium

concentration. They did not measure the supersaturation of the H2 directly, but

calculated it from from simulations describing the performed measurements. However,

it is still a very useful comparison for the concentration of the dissolved H2 in the

simulations. In Publication III the highest encountered supersaturation was about 400-

fold compared to equilibrium, quite similar to theirs, but it does not correspond to the

equilibrium of mass transport and bubble formation kinetics. The important difference

is that in Publication III this supersaturation is only the highest value encountered.

Most likely it is not a theoretical maximum of any kind and could be increased further

by increasing the current density. It is unclear, whether there is any fundamental

limitation to the H2 supersaturation in the model and the lack of one would not be very

surprising, as the model is a simplified one for low gas concentrations.

Also in the case of the bubble volume fraction a well-defined maximum was not

observed, and possibly the model does not have one. Figure 5.5 shows the behavior of

the gas volume fraction (𝑓g) on the catalyst surface as a function of the current density,

which clearly illustrates that the gas volume fraction is approximately constant only at

low current densities. However, once the bubbles occupy a little more than 10% of the

volume at the electrode surface, the increase of the volume fraction as a function of
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Figure 5.5. The volume fraction of the gas bubbles as a function of the electrode current density for the
indicated diffusion layer thicknesses. Reproduced from Publication III with permission from
Elsevier, Copyright 2016.

the current density seems to slow. Unfortunately, the simulation data did not contain

information about higher gas volume fractions, so it is impossible to conclude anything

about their behavior. In any case, the numerical model is based on assumptions that

are valid at low gas concentrations, so its behavior at sufficiently high current densities

and gas volume fractions could well be unrealistic.

Still, if proton transport allowed sufficiently high current densities, the bubble volume

fraction at the electrode surface should eventually begin to block a significant fraction

of the reaction sites and limit the current density, hence the bubble formation rate.

Depending on the properties of the electrolyte, with increasing overpotential this could

either produce a limiting current density or a peak in the current density [182]. In

both cases the reduced amount of active reaction sites limits the current density, but

the peak is produced, when this effect reduces the current density faster than current

density per active catalyst area is increased [182].

5.2.2 Bubble formation kinetics as a source of pseudo-diffusive behavior

The initial observations indicated that in the model the H2 transport behaved similarly

to diffusive transport, despite the mass exchange between dissolved molecules and gas

bubbles. It was already known, that the HOR current density could be limited by the

kinetics of this process, but other effects were not yet explored [49]. Because the mass

transport losses in the simulations were practically independent of the catalyst loading,

similarly to Publication II, the differential equation system could be considered in one

dimension.

Because the steady state of the partial differential equation system could not be

solved analytically (even in one dimension), the system was simplified to allow

analytic solution of the dissolved H2 concentration. The simplification that was
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made was to assume the gas volume fraction to be constant, because the behavior of

the concentration of the dissolved H2 was considered more important, as it directly

affected the reaction kinetics and mass transport losses. Figure 5.5 showed this to

be a valid assumption only at low current densities, so the simplified model is best

suited to describe the behavior near equilibrium conditions. However, the parameters

of the simplified solution can be used to illustrate the behavior of the full numerical

simulations even when the analytical model is not valid. The central feature of the

simplified solution was that the gas dissolvation/bubble formation kinetics affected

the concentration of the dissolved H2 mathematically similarly to diffusive transport.

In practice this means that the surface concentration can be described with equation

(4.27), but the limiting current density corresponds also to the mass exchange kinetics

instead of only mass transport.

The transport of the dissolved H2 molecules in the simplified model can be

characterized with a single parameter, their diffusion length, that is the distance that

the molecules travel on average before transferring to a gas bubble. Both the reaction

kinetics and the diffusion coefficient of the H2 molecules affect the diffusion length.

𝐿 =

√
𝑑𝑏𝐷𝐻2

6𝑘diss

(
1
𝑓𝑔

− 1
)

(5.3)

Since all parameters, except the gas volume fraction were assumed to be constant, this

information is essentially given in Figure 5.5. In the equilibrium the diffusion length of

the H2 molecules was about 9.9𝜇m and decreased with increasing gas volume fraction

so that at 10% gas volume fraction the diffusion length was about 3𝜇m.

Although the diffusion length characterized the transport and mass exchange of H2,

the limiting current density depended also on the diffusion layer thickness (𝑍𝑏).

𝑖lim,H2
=

2𝐹𝐷𝐻2
𝑐𝑏
𝐻2

𝐿 tanh
(
𝑍𝑏
𝐿

) (5.4)

If the diffusion length is longer than the diffusion layer thickness (slow kinetics and/or

rapidly moving molecules), mass transport dominates, whereas at the opposite limit

the mass transfer to/from the bubbles dominates.

Since in the simplified model the concentration of the dissolved H2 on the catalyst

surface could be described with a single limiting current density (equation (4.27)), a

simple way to study the validity of the simplified model was to determine the behavior

of the H2 concentration in the full numerical simulations. Starting from the current

density dependence of linear mass transport, an equation to determine the apparent

limiting current density of mass transport can be derived.
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𝑖lim,app,n = 𝑖

1 − 𝑐𝑛
𝑐𝑏𝑛

(5.5)

For diffusive mass transport this value is a constant independent of the current density.

Therefore, seeing either a constant limiting current density or deviations from it

immediately indicate the current density range, in which the simplified model is or is

not valid. As the gas volume fraction in the full numerical simulations is approximately

constant near equilibrium but increases with increasing current density (Figure 5.5),

it was likely that also the apparent limiting current density would be constant within

some current density range near equilibrium, but deviate from the equilibrium value at

high current densities.

In the full numerical simulations increasing HER current density increased the H2

formation rate, which led to increased bubble volume fraction throughout the diffusion

layer, as shown in Figure 5.5. Consequently, the dissolved H2 was transferred to the

bubbles faster, hence its concentration at the electrode interface increased slower than

if the mass transport had been diffusive. This behavior increased the apparent limiting

current density of the H2 transport (equation (5.5)), as Figure 5.6a shows. However,

the same figure also shows that although mass transport is not linear, at low current

densities it can be accurately described with a constant limiting current density.
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Figure 5.6. A) The apparent limiting current density of the H2 transport and B) HER mass transport
losses as a function of the current density per electrode area. Reproduced from Publication
III with permission from Elsevier, Copyright 2016.

When almost all produced H2 transfer to the bubbles within the diffusion layer,

increasing its thickness does not affect the limiting current density of the hydrogen

transport. However, the diffusion layer thickness determined how rapidly the apparent

limiting current density increased and thus the current density range, where a constant

limiting current density is a sufficiently accurate approximation (equation (4.27)).

Despite the apparent mass transport rate increasing, the mass transport losses (𝜂MT)
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appear to follow the approximately 30 mV/decade Tafel-slope given by equation (4.29),

meaning that they can be calculated accurately from the diffusive model. (The rapid

increase at current densities higher than about 500 mA/cm2, the exact onset depending

on the diffusion layer thickness, is due to the reduced proton concentration starting to

increase mass transport losses.)

5.2.3 Comparison to experimental results in literature

Similarly to observations in literature, the apparent limiting current density increases

with increasing current density (Figure 5.6a), but seems to do so faster than in literature

[183]. In the experiments the bubble volume fraction is higher than in the simulations

(Figure 5.5), but the increase of the bubble volume fraction is quite similar to the

experimental results [184].

In short, there are similarities between the features of the model and the behavior

of the real systems (and/or more detailed models [185]), but the match is not very

accurate. Therefore, although the model could be considered a step forward, it quite

certainly is not fully realistic and lacks some central features, such as a more detailed

description of the liquid and gas movement. For example, the stirred electrolyte or its

movement due to a RDE may need to be modeled in more detail than as a stagnant

diffusion layer. The literature estimate of 300-fold H2 supersaturation on electrode

surface may be most relevant for the model of bubble nucleation and growth, but it is

likely affected also by mass transport and could serve as an additional benchmark for

a more developed mass transport model [70, 71].

5.3 One-dimensional analytical model (Publication IV)

The most important result of Publication IV was the confirmation that the the 1D

model did yield the same results as the 2D model introduced in Publication II, with

all Pt loadings relevant for PEC H2 production. This result includes two facets of the

mass transport near the catalyst particles: First, as long as the distance between the

particles is small compared to the diffusion layer thickness, even with very low catalyst

loadings the contribution of the spherical mass transport near the catalyst particles is

negligible. Second, once the distance between the catalyst particles increases enough,

this spherical mass transport region becomes a significant factor and may actually

dominate mass transport as the situation moves towards a single particle on a substrate,

in which case only the hemispherical concentration profile would remain.

72



Results and discussion

5.3.1 The accuracy of the 1D mass transport

The increasing importance of the spherical mass transport region with decreasing

catalyst loading can be seen in Figure 5.7 as the 1D model overestimating the HOR

limiting current densities at low catalyst loadings. The resulting error in the mass

transport losses of the HER side is negligible, because the catalyst surface area is so

low that the overpotential is practically equal to the kinetic overpotential. Because the

HER kinetic limiting current density is independent of the proton transport and in all

cases in Figure 5.7 the HER current density is limited by the kinetics, the inaccuracies

in mass transport did not affect the HER limiting current density, unlike in the case of

H2 transport and the HOR limiting current density.
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Figure 5.7. The current density - overpotential curves of the 1D model (lines) compared to the 2D model
(markers). Reproduced from Publication IV - Reproduced by permission of the PCCP Owner
Societies.

The transition from accurate to inaccurate is smooth and there is no abrupt, well-

defined limit for too low catalyst loading. However, based on the geometry of mass

transport and the simulation results, the differences between the 1D and 2D models

become noticeable when the limiting current density of hemispherical mass transport

in infinite electrolyte is comparable to the 1D mass transport limitation. A more

refined limit could take into account the effect of the catalyst loading on the size of

the spherical mass transport region, as for example in the model of Montero et al.

[186]. Its difference to the behavior shown in Figure 4.4 is that the mass transport

limitation per electrode area is not a constant and when catalyst loading is reduced,

the mass transport limit per catalyst area does not increase infinitely, but approaches

the limiting current density of the hemispherical mass transport. Therefore, although

the 1D model appears accurate with catalyst loadings high enough for practical energy

conversion (and for any studied loading for HER), it probably should not be applied

for detailed analysis of measurement results in characterization studies with very low

catalyst loadings. With the mass transport conditions used in Publication IV, the HOR

73



Results and discussion

limiting current density with more than 100 ng/cm2 was underestimated by less than

1%, with 10 ng/cm2 by about 10% and with 1 ng/cm2 already by almost 60%.

Although an explicit comparison of the full 2D simulations and the model of Montero

et al. could have been possible, it was considered to be outside the scope of the article.

The mass transport model of Montero et al. is based on the area of the unit cell, similarly

to the 2D model, but the fact that they used hexagonal unit cell as the basis might

lead to some small differences, when comparing to the cylindrical approximation.

Alternatively, if accurate comparison in either hexagonal or circular geometry is

desired, either model would have to be modified accordingly.

It was possible to further simplify the 1D model in the micropolarization range

and in the high overpotential range, similarly to how the Butler-Volmer equation is

linearized and simplified to the Tafel equation, respectively (see e.g. chapter 3.4.3 in

[63]). The resulting simplified expressions were as accurate as the full 1D model in

their intended overpotential ranges.

5.3.2 The HOR limiting current density

The HOR limiting current density may initially seem unimportant for the HER, but it

is actually the most important parameter, when considering the mass transport losses

of the HER, as discussed in Section 5.1 and illustrated by equation (4.29). Therefore

any issue that could prevent its accurate determination in experiments could lead to

inaccurate estimation of mass transport losses and reaction kinetics.

The HER halves of the IV-curves of the 1D and 2D models were practically identical

to each other and only the limiting current density of the HOR at low catalyst loadings

differed from each other. Besides the mass transport, also the reaction kinetics of

the Tafel-step affected the HOR limiting current density in both the 1D and the 2D

model (Section 4.3). The HER limiting current density was simply the minimum of

the kinetic and mass transport limitations, because proton transport does not directly

affect the kinetics of the Tafel step.

In a more general case with a nonzero Heyrovsky exchange current density (𝑖0,𝐻 ≠ 0)

the HOR current density is limited by the mass transport, because the Heyrovsky rate

can be increased by increasing the overpotential. However, if the Heyrovsky exchange

rate is low compared to the Tafel exchange rate, the limiting current density of the V-T

path (equation (4.46)) appears as a shoulder in the IV-curve of the HOR, as Figure 5.8

illustrates. Analogously to the shoulder in the current density, the hydrogen coverage

also decreases rapidly at this current density, as can be seen from Figure 5.9 and its

comparison to Figure 5.8.

The fact that the shoulder 𝑖el = 𝑖lim,HOR,VT occurs at approximately the same potential

with 𝑓surf values 10-4 and 10-3 is not coincidental. As Figure 4.4 showed, in both cases
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Figure 5.8. The HOR current density with nonzero Heyrovsky exchange current density (𝑟𝐻 = 0.001).
Current density normalized with A) the V-T limiting current density (equation (4.46)) and
B) the H2 transport limitation. Reproduced from Publication IV - Reproduced by permission
of the PCCP Owner Societies.
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Figure 5.9. The hydrogen coverage of the Pt surface as a function of the current density normalized
with the V-T limiting current density (equation (4.46)). Reproduced from Publication IV -
Reproduced by permission of the PCCP Owner Societies.

the limiting current density is not significantly different from the kinetic limit. Because

the overpotential is mostly kinetic, also the overpotentials are then approximately equal

to each other. Therefore, with surface area fractions below 10-4 the shoulder occurs at

the same overpotential. However, it could be difficult to accurately determine the exact

current density and hence the overpotential, because with reducing catalyst surface

area the shoulder becomes less distinctive. On the other hand, with 𝑓surf ≥ 0.01 the

current density is easy to determine, but the shoulder is so broad that the overpotential

would be very inaccurate.
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6. Summary and conclusions

This thesis consists of two main topics: the literature review in Publication I and

the modeling studies about the HER on Pt in Publications II–IV. The review serves

as an overview to modeling photoelectrolysis and on the subtopics related to the

different phenomena and length scales. It also describes how different modeling topics

are related to each other and thus to the device and system operation. Publications

II–IV covered different aspects of the HER on electrodes partially covered with Pt

nanoparticles. When considering the central processes in the device, they focused

on the electrochemical operation of catalysts, but also some aspects of the product

managements were included in the form of the H2 transport model.

The focus of Publication I was to identify the key operation areas of the devices, how

they have been modeled in literature and how an entire device could be modeled

by coupling together the models of the different phenomena in the device. The

most important areas of operation in the devices are optics, charge transport and

electrochemistry. In H2 production facilities the separation of H2 from the electrolyte

will also be a central process step. Because the processes proceed in series, they cannot

replace each other and thus compensate for a low efficiency of one step. Therefore they

are all equally important for the total STH efficiency. Similarly, models of the different

processes are equally important for the usefulness and accuracy of a device model.

However, like experiments focusing on one area or a detail of the device operation, more

specific and detailed models are also valuable in studying a particular phenomenon

and its effects in the device. Analogously to the measurements, in such simulations it

is often sufficient to have a controlled, reasonable estimate of the conditions related to

the other connected processes.

In addition to the different processes necessitating different physical models, also

the length scale of the simulations affects the relevant phenomena and models. For

example, the first principles simulations about material properties are relevant for all

physical processes in the devices. Because at the atomic scale the modeled phenomena

related to different macroscopic processes have more in common with each other than
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with the macroscopic physical models, also the methods employed in all first principles

studies are similar regardless of the related macroscopic processes. In general, the

phenomena that occur in similar time and length scales can be coupled together for

a more comprehensive model. Conversely, if the there are significant differences in

either the time or the length scales of the phenomena, coupling them together may be

difficult or impractical.

Although focusing on a specific topic or part of the device operation may not require

much knowledge about the other processes, it is certainly useful to understand the

whole, that is the physical and mathematical connections to the other processes and the

limitations they impose, both in practice and when considering multiphysics models.

Publication I provided an overview of this as well.

The focus of the other Publications was on the HER on Pt nanoparticles. Although

the HER overpotential on Pt is low, the scarcity of Pt could pose a limitation to the

scalability of the PEC H2 production, which is one the main motivations for developing

catalysts based on more abundant elements. The alternative strategy that was explored

especially in Publication II is to reduce the Pt consumption by as much as the reaction

kinetics and low current densities enable.

Publication II introduced the 2D mass transport model and the kinetic model of the

HER described in Chapter 4. An extended version of the mass transport model was

studied in Publication III. The central new features were a model of gas bubbles and

H2 exchange between them and the liquid electrolyte. In both Publication II and III it

was observed that the mass transport losses were independent of the Pt loading, which

led to simplified model of the electrode discussed in Publication IV. In this model,

mass transport was reduced to one dimension and all properties related to the size and

amount of catalyst particles were described with a single parameter: the ratio of their

total surface area to the electrode surface area.

The simulations in Publication II confirmed that the differences in the literature data

about the reaction kinetics of the HER on Pt likely originate from the H2 mass transport

rate, not from true differences in reaction kinetics. The measured PE performance

was best explained with very rapid HER kinetics that with increasing Pt loading and

reduced kinetic losses became masked with the mass transport losses. Because of

the rapid kinetics, at the low current densities that unconcentrated sunlight allows

(<40 mA/cm2), only very little Pt is needed for low overpotentials. Fortunately for the

use of Pt in photoelectrolysis, the technologically feasible loading range corresponded

to the catalyst surface area range that in another study was determined as the economic

optimum for Pt. While increasing the catalyst surface area (mass loading) still reduces

the overpotential, the state-of-the-art Pt loadings (1–10𝜇g/cm2) are higher than what

is actually needed for a negligible kinetic overpotential (i.e. mass transport limited
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operation) at this current density range. Therefore, from the point of view of the

reaction kinetics, they waste Pt for no gain and, as demonstrated in Publication II,

significantly lower Pt loadings can achieve almost as good electrode performance.

With the global primary energy supply corresponding to an average 18 TW power, the

capability of an energy harvesting method to be deployed in the TW-scale is a central

measure of its usefulness in large-scale energy production [1, 3, 4]. The total catalyst

consumption for TW-scale H2 production illustrates that the catalytic performance is

as important as the abundance of the material for its scalability: Although Pt is scarce,

its excellent catalytic properties allow its use in so small amounts that the consumption

per TW could be significantly smaller than the annual mining production, making

Pt a surprisingly scalable HER catalyst. In contrast, most other compared catalysts

based on abundant elements seem to be less scalable, because their catalytic properties

necessitate significantly higher mass loadings. The importance of the reaction kinetics

on the catalyst consumption was reflected also on the fact that the consumption as a

function of the overpotential was approximately given by the reaction kinetics. Mass

transport also affected this, but not much, because in the PEC cells the relevant current

densities per electrode area and, consequently, mass transport losses are low.

As was shown in Publication III, H2 bubbles and the kinetics of mass exchange

between them and the liquid electrolyte can create behavior that appears similar to

diffusion of H2 molecules without bubbles. Moreover, the model was able to reproduce

certain experimentally observed trends, such as the increase of the apparent limiting

current density and increase of the gas volume fraction with increasing current density.

However, the current densities and possibly also the functional dependence on the

current density (square root, linear, quadratic, etc.) did not match literature accurately.

Therefore, while the model can be considered promising and more detailed than the

common model of diffusion of H2 molecules in liquid, it also contains inaccuracies

that would need to be rectified. One of the central development areas is the fluid

dynamics that most likely needs to be described more accurately. Near equilibrium,

the diffusion of dissolved H2 is likely accurate enough, but to understand the effects of

the gas bubbles in more detail, their effect on the liquid movement (and vice versa)

and on the H2 concentration needs to be taken into account.

Publication IV illustrated that the catalyst surface area and the 1D mass transport

limitation provide an accurate description about the electrode operation over a wide

range of catalyst surface areas. While the significance of both factors could certainly

be anticipated, the negligible effect of mass transport near the catalyst particles was

surprising. This simplicity of the model is an advantage, since it allows fast analysis

of and simulations about the catalyst operation.

The key observation that truly opened the avenue of reducing the Pt consumption to
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a fraction of what was previously considered possible, was recognizing that the HER

kinetics on Pt are actually even faster than commonly thought. This, the literature

analysis about the catalysts based on abundant elements and the dependence of the Pt

consumption on the overpotential together highlight the importance of the reaction

kinetics on the large scale utilization and feasibility of catalyst materials.

The following, more theoretical studies explored opposite aspects of the model: a

more elaborate mass transport model and the accuracy of a simplified analytic model.

The model of H2 bubbles illustrated the consequences of the H2 exchange between the

electrolyte and the gas bubbles, including the origin of the H2 transport limitation and

why the H2 transport can be approximated as linear with respect to the current density.

On the other hand, the 1D model and its comparison to the 2D model demonstrated that

the spherical mass transport region near the nanoparticles has a negligible effect on

the electrode operation in most cases. Therefore, the catalyst loading can be described

with only the catalyst surface area, similarly to the surface roughness.

In short, the modeling studies in this dissertation both demonstrated the feasibility

of the sparse Pt nanoparticle arrays for the PEC water splitting and showed that the

Pt loadings useful for practical energy conversion can be accurately described with a

geometrically simple, analytic model.
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Errata

Publication II

The sign of the last term in equation (S10c) in the supporting information should be

’-’, not ’+’. This is only a typographical error and the correct form was used in all

simulations.

Publication IV

The overpotential in equation (17c) should be 𝜂′HOR, not 𝜂′HER. The correct subscript is

used in the corresponding equation (eq. (4.42)) in this dissertation.
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