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A photoelectrochemical (PEC) cell model for solar hydrogen production with

titanium dioxide (TiO2) as a photo anode and platinum (Pt) as a cathode is de-

veloped. Despite the wide bandgap of TiO2 resulting in limited photon absorption

from the sun, it is still a good candidate due to its stability in liquid electrolytes

and reasonable cost. In this model, the Beer-Lambert law is used in conjunction

with the empirical diode equation to calculate the electron/hole pair generation rate

in the photo-anode, and the external current reaching the cathode to estimate and

optimize the hydrogen generation rate evolving at the cathode with TiO2 and ITO

thicknesses as optimization variables. The model revealed an optimal solution of

TiO2 thickness of 3230 nm at 400 nm ITO thickness, with optimal external current

value of 26.9 A/m2, a hydrogen generation rate of 1.394 ×10−4 mol/(m2s), and an

overall cell efficiency ηc of 3.4 %.
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Chapter 1: Introduction

1.1 Problem Statement

In this research, a PEC cell is considered with titanium dioxide (TiO2) as

a photoanode, platinum (Pt) as a cathode, and 1 M potassium hydroxide (KOH)

solution as an electrolyte. The objective of this research is to analyze this system

and the processes occurring as well as optimizing the rate of hydrogen generation

at the cathode.

TiO2 is typically deposited on a SiO2 substrate (also known as quartz) coated

with a transparent conducting oxide (TCO). Indium Tin Oxide (ITO) is one of the

most common TCO used due to its high conductivity and high optical transparency

owing to its high band gap. Tin dioxide (SnO2) is also a common material used

as a TCO; nevertheless, it has a lower band gap than ITO, which decreases the

amount of photons passing to TiO2 film. Figure 1.1 shows a schematic diagram of

the photoanode, noting that the figure does not represent the actual thickness ratio

between the layers (SiO2, ITO, and TiO2).
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Figure 1.1: Schematic diagram of the photoanode

The thickness of TiO2 determines the amount of photons absorbed governed by

the absorption coefficient at different wavelengths. As more photons are absorbed,

more electron/hole pairs are generated; hence, more hydrogen moles are produce.

On the other hand, as the thickness of TiO2 increases, the electrical resistance also

increases. Thus, increasing the thickness of TiO2, to a certain point, is beneficial to

the performance of the PEC cell.

ITO thickness also plays an important role in the modeling and optimization

of the PEC cell. The sheet resistance of ITO decreases as its thickness increases
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resulting in a better electron conduction. In addition, the reflection of light between

the layers can be minimized by changing the thickness of ITO (more details are

provided in Section 3.1). Basic cell nonidealities are introduced in the model, such

as: reflection of light between the anode layers, recombination of charge carriers in

TiO2, and electrical resistivities of Pt electrode, electrolyte (KOH), ITO, and TiO2.

As a result, the PEC cell optimization problem is to maximize the rate of

hydrogen generation, with ITO thickness (x1) and TiO2 thickness (x2) as the opti-

mization variables. The optimization problem is constrained by the fact that both

thicknesses are non-negative, and by an upper reasonable limit of about several µm

for x2, and about 1 µm for x1.

1.2 Motivation

The interest in alternative energy application is continuously increasing. The

production of hydrogen via the solar water decomposition is not new to the field;

however, the effort in finding the best cell conditions and components material is

needed for the optimization and effective utilization of this process. Despite the

enormous number of experiments and publications of the PEC cell with TiO2 as a

photoanode, the effect of TiO2 and ITO thickness on the performance of the PEC

cell has not been adequately addressed in the literature. Hence, the work done in

this thesis would contribute to the field. In addition, similar methods can be used

for a PEC cell with different anode material in order to test the effect of its thickness

on the hydrogen generation rate.
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1.3 Research Questions

This research is aimed to answer several important questions in the PEC cell

modeling including:

• What would the effect of TiO2 thickness and ITO thickness on the hydrogen

production rate be, and what would the optimum photoanode film thickness

be?

• What would the total electron/hole pair generation rate be as a function of

film depth or thickness?

• How would introducing some nonidealities affect the overall model and the

hydrogen production rate? These nonidealities may include series resistance

(Pt, ITO, KOH, and TiO2 electrical resistances), light reflection between the

photoanode layers, and recombination of charge carriers.

• What would the characteristics of the I-V curve be?
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Chapter 2: Background and Literature Review

2.1 Hydrogen as the Fuel of the Future

Researchers have scrutinized the development of various hydrogen production

techniques over the past two decades [1]. Due to the increasing cost of fossil fuels

and the environmental impact of its direct combustion, hydrogen, as an energy

carrier, is believed to be the fuel of the future [1]– [3]. Although hydrogen is not an

energy source naturally available on earth in its gaseous form, it is amply available

in many organic compounds such as methane, and inorganic compounds such as

water [2], [4]. Several techniques have been and are still being developed to produce

hydrogen from natural resources (such as wind and solar radiation). The main

advantages of using such renewable energy sources to produce hydrogen are the

abundance and sustainability of these sources, and that they do not pollute.

Hydrogen is a good candidate for an energy carrier, since it can be stored in

liquid or gaseous forms in contrast to electricity; its transportation can be through

either pipelines or tankers; it can be produced from water, which is an abundant

source; it can be converted to other forms of energy efficiently; it is environmentally

safe since it does not require the emission of pollutants in its production, storage,

transportation and even utilization [5]. Hydrogen can also be used as a clean chem-
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ical fuel with combustion energy of 142 MJ/kg producing water vapor only as a side

product [5].

2.2 Solar Radiation

Because the focus of this thesis is on solar water splitting, we now review

several important aspects of solar radiation. A blackbody is a physical object capa-

ble of absorbing all radiation falling on it, and re-emitting the radiation following

Planck’s Law. The sun can be treated as a blackbody; thus, the energy emitted by

the sun follows Planck’s Law [6] which states:

Eeλ(λ, T ) =
2πhc2

λ5

[
exp

(
hc

λkBT

)
− 1

] (2.1)

where Eeλ is the spectral irradiance in W/m3, λ is the radiation wavelength in

m (or nm as commonly used), T is the blackbody’s temperature in K, where the

temperature of the sun = 5777 K, h is Planck’s constant = 6.62606896× 10−34 J s,

c is the speed of light in vacuum = 2.99792458×108 m/s, kB is Boltzmann constant

= 1.3806503× 10−23 J/K [6].

The wavelength λ is connected to the speed of light c and the radiation fre-

quency v, expressed in 1/s, as follows

λ =
c

v
(2.2)

Because of the large distance between the earth and the sun, and the relatively

high surface area of the sun compared to earth causing a decrease in the light

intensity leaving the sun and reaching the earth, Eq.(2.1) should be multiplied by a
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geometrical factor in order to obtain the effective solar spectral irradiance [6]. This

factor is the ratio As/AAu , where As is the surface area of the sun, and AAu is the

surface area of a sphere that having a radius equal to the earth’s mean orbit, and

so

EEλ(λ, T ) = Eeλ(λ, T )
As
AAu

(2.3)

In addition to Eq.(2.3), actual data of the wavelength and the corresponding

spectral irradiance are available at the U.S. National Renewable Energy Laboratory

(NREL) website [7] for AM0, at the top of the earth’s atmosphere, and AM1.5, at

the earth’s surface. Figure 2.1 shows the solar spectral irradiance EEλ as a function

of the wavelength λ for AM0 and AM1.5, data are taken from NREL website [7].

Figure 2.1: Solar Spectral irradiance for AM0 and AM1.5
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To find the total irradiance Es, which is the total power per unit area W/m2,

one can integrate the spectral irradiance with respect to the wavelength between

two limit values. In addition, the energy of a photon can be expressed as

Eph =
hc

λ
(2.4)

2.3 Photoelectrochemical Cell

The main concept of a PEC cell is to use solar radiation to provide the energy

required to drive a sequence of redox reactions needed for the electrolysis of water to

produce hydrogen as the main product, and oxygen as a side product. The PEC cell

consists of three main parts: the anode, the cathode and the electrolyte. The anode

is the electrode at which oxidation reactions occur; on the other hand, the cathode

is the counter electrode at which reduction reactions occur. The electrolyte is the

media where ions can transfer from one electrode to the other, and it can either be

solid or liquid. Figure 2.2, which is recreated based on Figure 2 in T. Bak et al. [2],

shows a PEC cell diagram with the redox reactions occurring at the photoanode

and cathode.

2.4 TiO2 ’Optical’ Properties

Titanium dioxide TiO2 is an n-type semiconductor, even when not doped with

electron donors atoms, due to oxygen deficiency resulting in oxygen vacancies and

titanium interstitials in the TiO2 lattice [8].
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Figure 2.2: A PEC diagram with redox reactions at electrodes [2]

TiO2 has a wide bandgap of about 3 eV [5]; thus, it can absorb photons with

energies greater than 3 eV. In other words, according to Eq.(2.4) the critical wave-

length of TiO2 is λbg = hc/3 = 413 nm; therefore, only photons with wavelengths

less than 413 nm can be absorbed by TiO2. This wide bandgap is a disadvantage

since it allows only a small portion of the solar spectral irradiance to be absorbed.

Figure 2.3 shows the small fraction that can be absorbed by TiO2 indicated by the

area under the curve left to the black vertical line at λ = 413 nm.

Another important material property in the PEC cell model is the absorption

coefficient. It describes how long the light can pass through a material without being

absorbed [9]. It is a material property that is usually found experimentally and it

has a unit of 1/length (usually in 1/cm). The absorption coefficient α of TiO2 is a

function of wavelength.
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Figure 2.3: The fraction of the solar spectral irradiance absorbed by TiO2

2.5 Photoanode

Following the Gratzel cell, also known as the dye-sensitized solar cell, TiO2

must be in contact with the electrolyte since the surface reactions occur at the

TiO2/electrolyte interface. Therefore, the solar radiation has to travel through SiO2

and ITO before it reaches TiO2. In addition, when modeling or depositing TiO2 on

substrates for photovoltaic applications, a very important crucial issue to address

is to make sure that the transparent conducting oxide layer on top of the quartz

has a band gap greater than TiO2. Since TiO2 has a band gap of 3 eV, it can only

absorb photons with energy greater than 3 eV, or in other words, with photons at

wavelengths less than or equal 413 nm. Thus, if TiO2 were deposited on a glass

substrate with a TCO of band gap less than or equal to 3 eV, then the TCO

would absorb the photons with wavelengths from zero to 413, and only the photons
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with wavelengths greater than 413 will pass through the TCO; however, TiO2 is

transparent to these photons at that wavelength and no absorption will occur. In

addition, as the difference between the TCO and the TiO2 band gaps increase, with

TCO band gap being the greater, more photon absorption will occur in TiO2 film

leading to better performance.

Quartz (SiO2) has a band gap of about 9 eV [10], while ITO has a band gap of

3.75 eV [11], [12]. Both band gaps are large enough to allow a sufficient amount of

photons to pass to TiO2 deposited film. Figures 2.4 and 2.5 show the solar spectral

irradiance with the fraction of light that can be absorbed by ITO (shown by the

green line) and TiO2 (shown by the black line).

Figure 2.4: The fraction of the solar spectral irradiance that can be absorbed by

ITO (green line) and TiO2 (black line)
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Figure 2.5: A closer look of figure 2.5

2.6 Electron/Hole Pair Generation Rate

When a photon is absorbed by TiO2, an electron is promoted from the valence

band to the conduction band, leaving a hole in the former. This electron/hole

generation rate depends on the properties of the material itself, such as the bandgap

and the absorption coefficient, thickness of the material, and it also depends on the

light intensity falling on it. The Beer-Lambert law states that the light intensity

falling on a slab surface decreases exponentially as it penetrates through the slab as

follows

It(x) = Io(0)e−αx (2.5)
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where It and Io are the light intensity at slab depth x and at the surface (x=0)

respectively. This law enables us to capture the electron/hole pair generation rate

[9]:

g(λ, x) = [1−R(λ)]α(λ)N0(λ) e−αx (2.6)

where g is the spectral photo-generation rate per unit volume; i.e., (e/h pair)/ (m3

nm s), R is the reflectivity of the surface expressed as a fraction, N0 is the spectral

photon flux density in photons/(m2 nm s) [9]. Given the wavelength dependence

of the AM1.5 spectral (Figure 2.1) and Planck’s Law (Eq.2.1), the charge carriers

generation rate is different for each wavelength. To find the total generation rate,

Eq.(2.6) is integrated with respect to the wavelength between limits where the ab-

sorption of photons occur (i.e., for wavelength less than or equal to the bandgap

wavelength)

G(x) =

∫ λbg

λo

g(λ, x)dλ (2.7)

where G is the total generation rate per unit volume. In addition, for a slab of

thickness l, the total generation rate per unit area across the entire thickness is

Gt =

∫ l

0

G(x)dx (2.8)
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2.7 Redox Reactions at Photo-Anode and Cathode

For the electrolysis of water, the reaction mechanism is different for acidic and

basic electrolytes. For a basic electrolyte of 1 molar KOH (pH=14), the surface

reaction mechanisms [6] is listed below. At the anode where oxidation occurs, the

surface reactions are as follows:

OH− + S −→ OH

S

+ e−

OH

S

+ OH− −→ O

S

+ H2O + e−

O

S

+ O

S

−→ 2 S + O2

The net half reaction is

4OH−(aq) −→ O2(g) + 2 H2O(l) + 4 e− Eo = −0.40V

At the cathode where reduction occurs, the surface reactions are:

H2O + S −→ H

S

+ OH−

H

S

+ e− −→ H

S

H

S

+ H

S

−→ 2 S + H2

The net half reaction is

2H2O(l) + 2 e− −→ H2(g) + 2 OH−(aq) Eo = −0.83V
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The net cell reaction is

2H2O(l) −→ 2 H2(g) + 2 O2(g) Eo
cell = −1.23V

where S represent an adsorption site, OH

S

, O

S

, and H

S

are the adsorbed hydroxyle,

oxygen, and hydrogen, respectively.

Figure 2.6: Schematic diagram of the cell showing the surface reactions and the

charge-jumping mechanism.

As the electron hole pair is generated, the charge carriers are separated due to

the junction formed between TiO2 and the electrolyte (more details will be provided

in the next section). The electrons move through the external circuit to the cathode

(Pt), while the holes will oxidize the hydroxyl ions (OH−) to produce oxygen gas
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(O2) and water liquid (H2O). Meanwhile, the electrons reaching the cathode will

reduce the water to produce hydrogen gas (H2) and hydroxyl ions (OH−) which will

move through the electrolyte to the anode surface to be oxidized. The movement of

the OH− ions through the electrolyte to the anode follows the charge-jumping mech-

anism given by the proton transfer sequence [6]. Figure 2.6 illustrates the charge

jumping mechanism as well as the surface reactions, where the numbers 1,2, and 3

on the figure correspond to the first, second, and third steps of the oxidation and

reduction reaction.

2.8 Band Model Representation

In a semiconductor, the Fermi level is the maximum occupied energy level that

electrons can occupy at a temperature of zero Kelvin. For an intrinsic semiconduc-

tor, the Fermi level lies approximately half way between the valence and conduction

band. For a p-type semiconductor, where holes are the dominant charge carriers,

the Fermi level is near the valence band. On the other hand, for an n-type semicon-

ductor, where electrons are the dominant charge carriers, the Fermi level is near the

conduction band. Figure 2.7 illustrates the initial conditions of the cell components

without contact and without light, where Φm is the Pt work function, which is the

minimum energy required to ionize an electron and move it to the vacuum level

outside the metal [9].
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When TiO2 is submerged in the liquid electrolyte, the Fermi level of TiO2

is higher than the redox potential of the electrolyte; thus, electrons will transfer

from the semiconductor to the electrolyte causing an upward band bending [13]. In

addition, a space charged region (or a depletion layer) is formed between TiO2 and

the electrolyte, with positive charges associated with the semiconductor side, and

negative charges at the electrolyte side [13]. This junction plays a key role in the

charge separation of the electron hole pair generated from the absorbed photons.

For a closed circuit (i.e., with Pt electrode connected as cathode), the Fermi

level of the Pt will also equalize with the Fermi level of TiO2 and the redox potential

of the electrolyte as in Figure 2.8. For the redox reactions to occur at the anode and

cathode, the Fermi level of the anode should be higher than the O2/H2O potential,

which is the case at most times; however, the Fermi level of the cathode should also

be greater than the H+/H2 potential [2]. Therefore, at some cases, even when light

is induced (Figure 2.9), charge carriers will be generated in the semiconductor but

no reactions will occur requiring an external bias to shift the cathode Fermi level

above the H+/H2 potential and start the reactions [2] as in Figure 2.10. Figures

2.7-2.10 are recreated based on T. Bak et al. Figures 4-7 [2].

17



Figure 2.7: Initial cell conditions without contact [2]

Figure 2.8: Cell condition with contact but no light is induced [2]
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Figure 2.9: Cell contact with light illumination [2]

Figure 2.10: Light illumination with external bias [2]
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2.9 Literature Review

The production of hydrogen gas from the process of water electrolysis is not

new to the field; in fact, it was discovered about 200 years ago [1]. As early as 1800,

William Nicholson and Anthony Carlisle discovered electrolysis and applied voltaic

current to decompose water into gases, which were later recognized as hydrogen

and oxygen gases [1], [5]. They also noticed that increasing the current used would

increase the amount of gases produced [5]. After this discovery, the science of

electrochemistry has been and is being developed even today.

In 1972, Fujishima and Honda [14] were the first to utilize and report a pho-

toelectrochemical cell with TiO2 as a photoanode and Pt as a cathode, with an

electrolyte of pH = 4.7. They found that current started to flow at light wave-

lengths of less than 413 nm (corresponding to TiO2 band gap of 3.0 eV). Additional

bias voltage was applied (0.25-0.5 V) to enable the process [14], [1]. Using 500 W Xe

lamp, they were able to measure the current of a few mA. In 1975, Fujishima, Honda

and Kohayakawa used a TiO2 oxidation layer on Ti metal instead of a single crystal

TiO2 as they did in 1972 [15], [2]. They tested three different methods to form

the oxide film electrodes; electrochemical formation of the oxide film on Ti metal,

thermal formation of the oxide film using an electric furnace, and thermal formation

of the oxide using a gas burner. The first two methods resulted in a photocurrent

of about one-tenth of the photocurrent obtained using a single crystal, but the last

method, which had an oxide film thickness greater than the other two methods, re-

sulted in a photocurrent similar to the single crystal case [15]. As discussed in their
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paper, the performance difference in the three different oxide films is primary due

to the difference in the electric resistance, and oxide film thickness [15]. This point

is important since, in this research, TiO2 film thickness is one of the optimization

variables used to optimize the production of hydrogen moles.

Enormous amounts of experiments and publications have been reported from

that time until now. Some people used sunlight, but accomplished very little overall

efficiency (solar conversion efficiency). Others used special lamps to get more light

intensity. Encouraged by the work of Fujishima and Honda, researchers have been

looking for new oxide materials candidates as PEC cells photoanodes, such as SrTiO3

and KTaO3, to eliminate the use of external bias; however, the proposed candidates

light conversion efficiencies were found to be less than that of TiO2, not forgetting

the TiO2 advantage of corrosion resistance [16].

Since TiO2 absorbs photons with energy up to or greater than 3 eV, in 1976,

Morisaki et al. [17] proposed the use of a hybrid TiO2-Si solar cell electrode, where

the silicon cell would help to utilize the solar spectral absorption between 1.2 and

3 eV. Their cell mainly consists of the hybrid electrode as photoanode with a TiO2

film thickness of 500 nm, a Pt as cathode, and a 0.1 M NaOH electrolyte. Fig-

ure 2.11, which is recreated based on Figure 18 in [2], shows a schematic diagram

of the hybrid cell used. Although the reported conversion efficiency was relatively

small (only 0.1 % with sunlight illumination), their research contributed in the field

since they introduced a good idea in which the spectral irradiance is better utilized,

and an internal anodic bias is created by the electromotive force of the solar cell [17].
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Figure 2.11: Schematic diagram of the hybrid photoanode [2]

In 1977, Ghosh and Maruska used a cell consisting of TiO2 as an anode,

Pt as a cathode, and a basic electrolyte of 5 M KOH under sunlight illumination

[18]. The reported efficiencies were 0.6% for Al-doped TiO2 with a 0.4 V bias

voltage. Although the published experiments are informative, we cannot determine

how hydrogen production rate and the photocurrent change with TiO2 and ITO

thickness since each one has different cell conditions, such as film deposition method,

temperature, electrolyte type and pH, doping level (if any) and light source used.

Thus, a useful model relating the hydrogen production with electrode film thickness

is needed, in which one can find the optimal film thickness that yields to the optimal

hydrogen production rate.

The optimization of a PEC cell with TiO2 as a photoanode is not new to the

field; however, little work is done with TiO2 thickness as the optimization variable. A

study done by Mishra et al. [19] investigated the effect of oxidation temperature and
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oxygen flow rate on the photocurrent and hydrogen production. Their cell basically

consists of TiO2 electrode (at different oxidation temperatures), with Pt counter

electrode and a 1 M NaOH electrolyte. They found that the optimal photocurrent

was 0.93 mA/cm2 corresponding to an oxidation temperature of 750 ◦C with oxygen

flow rate of 350 ml/min [19].

An interesting paper published in 2007 [20] centered around the preparation

of TiO2/ITO photoelectrodes via the sol-gel method where the research investigated

several aspects including the effect of the electrode film thickness on the generated

photocurrent. They prepared several electrodes with thicknesses of 0.15, 0.19, 0.27,

and 0.34 µm, and they concluded that as the thickness increased (from 0.15 up to

0.27 µm) the photocurrent was slightly decreased due to the increased electrical

resistance of TiO2 film that outweighed the increase in the electron/hole pair gen-

erated. As the film thickness increased above 0.27 µm, the decrease in the photo

current had a larger slope, since no huge increase in the number of electron hole

pair was generated to compensate the increase in the TiO2 electrical resistance.

With the increasing interest in renewable energy applications, different mate-

rials were and are still being tested as a photoanode.
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Chapter 3: Methodology

As explained in Chapter 2, to compute the total electron/hole pair generation

rate Gt at a TiO2 thickness of x2, one should calculate the spectral photo-generation

rate per unit volume (g) as given in Eq.(2.6).

g(λ, x1, x2) = [1−R(λ, x1)]α(λ)N0(λ) e−αx2

N0 is the spectral photon flux density in photons/(m2 nm s), and it is calculated

by dividing the spectral irradiance at each wavelength by the photon energy

N0(λ) =
E(λ)

Eph
=
E(λ)λ

hc
(3.1)

g is mainly a function of λ and x2; however, since the reflection between the

surfaces depends on ITO thickness x1, then g is considered a weak function of x1.

3.1 Light Reflection R

To estimate the reflection of normal incident radiation between the surfaces of

SiO2, ITO, and TiO2, the following equation is used [6]:

R(λ, x2) =
r̂2

01 + r̂2
12 + 2r̂01r̂12cosφd

1 + r̂2
01r̂

2
12 + 2r̂01r̂12cosφd

(3.2)
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The first and second surfaces reflected wave phase difference is given by [6]:

φd =
2π

λ
n1(2x1) (3.3)

The single interface reflectances r̂01 and r̂12, shown in Figure 3.1, can be defined as:

r̂01 =
n1 − n0

n1 + n0

(3.4)

r̂12 =
n2 − n1

n2 + n1

(3.5)

Figure 3.1: Thin film reflectances [6]

where n0 = 1.46 [21], n1 = 2.20 [21], n2 = 2.87 [21] are the refractive indices of

SiO2, ITO and TiO2 respectively. Equations (3.4) and (3.5) suggest that as the

difference between the refractive indices of two materials decrease, the light reflection

between these two materials is reduced. The effect of the KOH solution electrolyte

is not considered for simplicity, since the refractive index of KOH solution is about

1.42 [22], which is close to n0 and, thus, no major reflection occurs.
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3.2 Absorption Coefficient α

The absorption coefficient α is a function of wavelength, and is usually found

experimentally. A study published by Kil Lee [23] showed the effect of substrate

temperature on some of the optical properties, including the absorption coefficient, of

TiO2 thin films deposited on ITO coated glass substrates. The absorption coefficient

data as a function of photon energy were extracted from Figure 5 in Kil Lee [23], and

using Eq.(2.4), the absorption coefficient was plotted as a function of the photon

wavelength as shown in Figure 3.2. As a simplified curve fitting, the extracted data

were divided into three regions as shown in Figure 3.2.

Figure 3.2: Absorption coefficient as a function of photon wavelength
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α(λ) =


−(a1)λ2 + (a2)λ− (a3) : 249 ≤ λ ≤ 280

(b1)λ− (b2) : 280 < λ ≤ 310

(c1)λ6 − (c2)λ5 + (c3)λ4 − (c4)λ3 + (c5)λ2 − (c6)λ+ (c7) : 310 < λ ≤ 612

(3.6)

The values of the fitted curve coefficients are given in Table 3.1.

Table 3.1: Absorption coefficient fitted curve coefficient

a1 a2 a3 b1

28.7 15.43 ×103 18.81 ×105 11.04 ×102

b2 c1 c2 c3

12.85 ×104 1.38 ×10−8 4.08 ×10−5 5 ×10−2

c4 c5 c6 c7

32.5 11.81 ×103 22.73 ×105 18.11 ×107

An important issue to consider when using the absorption coefficient fitted

curve equation in the model calculations is using large significant figures to have

the precision required, since the values of the absorption coefficient are too large

and sensitive for any minor difference in the fitted equation coefficients. At first,

a piece-wise linear approximation was used to fit the data; however, some of the

fitted absorption coefficient data were negative causing wrong and misleading charge
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carriers generation results; for that reason, a more sophisticated curve fitting was

used as in Eq.(3.6). Furthermore, the unusual behavior of the absorption coefficient

curve in Figure 3.2, especially the two peaks for small wavelength values, might be

due to the experimental settings used. For instance, the TiO2 used in Kil Lee [23]

has a band gap greater than 3 eV, which can account for the early decrease in the

absorption data before the critical wavelength of 413 nm, which corresponds to 3

eV. However, in this thesis, the absorption coefficient data of wavelengths less than

330 is not used, and only the absorption coefficient data with wavelengths between

330 nm and 413 nm are used since TiO2 will absorb the light of wavelengths in this

range only.

3.3 Total Generation Rate and Recombination Rate

To calculate the generation rate at a specific film depth, the electron/hole

pair generation rate at each individual wavelength is to be added. Thus, one can

integrate the spectral generation rate g with respect to the wavelength, keeping

in mind that the integration limits are defined by the wavelength range at which

electron hole generation is possible [9]. Therefore, the integration limits would be

from λ = 330nm, which is the critical wavelength of ITO, to λ = 413nm, which is

the critical wavelength of TiO2.

G(x1, x2) =

∫ 413

330

g(λ, x1, x2)dλ (3.7)
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where x1 and x2 are ITO and TiO2 film thicknesses, respectively (in nm). G(x)

has units of (e/h pair)/m3 or (e/h pair)/m2nm if the thickness is taken in nm. It

provides us with the electron/hole pair generation rate of a certain area of substrate

at a certain TiO2 film depth x2. The total generation rate per unit area at a TiO2

film of thickness l is found by:

Gt(x1, l) =

∫ l

0

G(x1, x2)dx2 (3.8)

One of the nonidealities that may affect the performance of the PEC cell is

the electron hole recombination rate. Among the different types of the bulk recom-

bination, the spontaneous emission (also known as the radiative recombination) is

the the most important one in photovoltaics [9]. The recombination rate is given

by [9]:

rsp(E) =
2πn2

2

h3c2

α(E)E2

exp[(E −∆µ)/kBT ]− 1
(3.9)

where rsp is the volumetric e/h recombination rate per photon energy (e/h recom-

bined)/ (m3eV). ∆µ is the chemical potential of radiation (or the quasi-Fermi level

separation) which is equal to the difference between electron quasi-Fermi level (EFn)

and hole quasi-Fermi level (EFp) [9]. Another helpful definition of ∆µ is given

by [24]:

∆µ = hv(1− T

Tsun
) = E(1− T

Tsun
) (3.10)

The total recombination rate is found by integrating Eq.(3.9) with respect to

photons energy [9]:
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U =

∫ ∞
0

rsp(E)dE (3.11)

In addition, to obtain the net recombination rate, one must subtract the recombina-

tion rate at ∆µ = 0 which represents the thermal equilibrium state, as in Eq.(3.12).

Unet =

∫ ∞
0

rsp(E)dE −
∫ ∞

0

rsp(E)|∆µ=0dE (3.12)

Unet has units of (number of e/h recombined)/m3; thus, to get the recombina-

tion rate at certain TiO2 film thickness l, Unet is multiplied by l

U total = Unet × l (3.13)

The net electron/hole pair available to derive the process is

Gnet(x1, x2) = Gt(x1, x2)− U total (3.14)

3.4 External Current Model

The governing equation used to describe the system is as follows [6], [9]:

I = −Iph + Io

[
exp

(
q
V − IRs

βkBT

)
− 1

]
(3.15)

where I is the current passing through the external circuit (A), Iph is the photocur-

rent generated from radiation (A), Io is the dark current, which is the current (A)

generated in the dark as a result of potential difference when a load is connected.

V is the voltage (V), Rs is the series resistance (Ω), and β is the diode non-ideality

factor, typically ranging from 1–2, and is assumed to be 1 for the model.
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The photocurrent is calculated from the net electron/hole pair generated and

the unit charge q:

Iph(x1, x2) = qGnet(x1, x2) (3.16)

To find the dark current, open circuit conditions can be used, i.e., when the

external current is zero. Therefore, from Eq.(3.16) the dark current can be calculated

as:

Io(x1, x2) =
Iph(x1, x2)

exp

(
q
Voc
βkBT

)
− 1

(3.17)

where Voc is the open circuit voltage (V), which can be estimated as a function of

band gap [6], [25]:

Voc = Ebg

(
1− T

Tsun

)
− kBT

q
ln

4n2
2

X
(3.18)

where X is the sunlight concentration factor, taken as 1 for a regular sunny day.

3.5 Series Resistance

Some of the nonidealities added to the model are the series resistance of the

cell components, such as TiO2 electrical resistance, ITO sheet resistance, Pt elec-

trode resistance and the electrolyte (KOH) resistance. These resistances are added

together as a series resistor in Eq.(3.15)

The sheet resistance of ITO is a function of film thickness x1. As the thickness

increases, the sheet resistance decreases. ITO sheet resistance data were obtained

from Sigma-Aldrich website [26] – [29], and fitted exponentially as shown in Figure

3.3.
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Figure 3.3: Sheet resistance of ITO film as a function of ITO thickness x1

In addition, TiO2 electrical resistance can be calculated from the relation:

R = ρ
L

A
(3.19)

where ρ is the resistivity (Ω.cm), L is the length direction at which the current is

conducted. For this case, L is the thickness of TiO2 film. A is the cross-sectional

area at which the current is conducted, and it is assumed to be 1 m2 for our PEC

model. The resistivity of TiO2 film can be estimated as 8× 104 Ω.cm [30].

The Pt electrode resistivity is 10.6×10−8Ω.m [31]. Therefore its resistance can

be calculated using Eq.(3.19), where L represents the direction at which current

flows (1 m), and A is the thickness (assumed to be 1 mm thick) multiplied by the

electrode width (1 m), which will yield a resistance RPt of 10.6 × 10−5Ω.

The conductivity of the KOH electrolyte is given in Figure 1 of Gilliam et

al. [32]. For 1 M KOH, the conductivity is about 0.2 S/cm resulting in a resistivity
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of 1/0.2 = 5 Ω.cm. The electrolyte resistivity can also be calculated from Eq.(3.19),

with L as the electrolyte path length typically of about 1 mm [33]. Hence, the

electrolyte resistance is RKOH = 5 ×10−5Ω.

The number of hydrogen moles evolving from the cathode can be found using

the assumption that each two electrons reaching the cathode will result in producing

one hydrogen molecule H2:

nH2 =
I

2qAv
(3.20)

where Av is Avogadro’s number.

Finally, the overall efficiency of the PEC cell is given by [2]:

ηc =
I(1.23− Vbias)

IrA
(3.21)

where I is the external current generated at the optimum conditions, Ir is the

incidence of solar irradiance = 970 W/m2 [2], A is the irradiated area.
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Chapter 4: Results and Discussion

4.1 ITO Resistance and Thickness

ITO thickness plays an important role in the rate of hydrogen generation. As

mentioned in Chapter 3, ITO sheet resistance data were obtained from the Sigma-

Aldrich website [26] - [29], and fitted exponentially (Figure 3.3) as follows:

RITO = 100.381× exp(−0.0173497× x1) (4.1)

where x1 is ITO film thickness in nm, and RITO is in Ω . As the thickness of ITO

increases, the resistivity decreases exponentially, leading to higher external current

and, therefore, to a higher rate of hydrogen generation. Thus, if the thickness of ITO

is to be considered as an optimization variable, the optimization problem will choose

the higher value of the thickness, i.e., the upper limit of the ITO thickness constraint.

As a reasonable approach, an ITO thickness x1 = 400 nm will be chosen since the

current is increased effectively until this thickness is reached, and no significant

difference in the current is noticed above this thickness. Table 4.1 shows the current

for different TiO2 thickness values of 1000 nm, 3000 nm, and 7000 nm to illustrate

the effective increase of the current for x1 values less than 400 nm, and the small

increase for values greater than 400 nm.
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Table 4.1: External circuit current (A/m2) at different ITO thickness x1 and TiO2

thickness x2 values.

x1 (nm) x2 = 1000 nm x2 = 3000 nm x2 = 7000 nm

200 0.882 0.881 0.880

300 4.98 4.97 4.94

400 19.5 26.9 26.3

500 19.8 28.8 32.6

Since the reflection of light R is also a function of ITO thickness x1, one can

expect that there might be an optimum solution of ITO film thickness x1, which leads

to an optimal value of external current. However, the effect of the ITO resistance on

the external current is much more important than the effect of the light reflection.

As a result, light reflection sinusoidal effects will appear for large values of x1 after

the ITO resistance effect is almost negligible. Figure 4.1 shows the sinusoidal effect

of the light reflection on the external circuit current for large ITO thickness x1 at a

TiO2 thickness of 3000 nm.

The light reflection has a small effect on the current for several reasons. Be-

cause the difference in the refractive indices of the three layers (SiO2, ITO, and

TiO2) is not significant, the maximum value of the reflection is below 11% as shown

in Figure 4.2. In addition, for a large critical wavelength material (i.e., small band
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Figure 4.1: External Current at x2 = 3000 nm as a function of x1

gap) the effect of light reflection can be minimized by the choice of the ITO thickness,

since the reflection has low frequency at higher wavelength (as in Figure 4.2).

Figure 4.2: Light reflection at ITO thickness x1 = 400 nm
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Figure 4.3: Light reflection at ITO thickness x1 = 250 nm

To illustrate, if a material (other than TiO2) has a critical wavelength of 1200

nm, then it is better to have an x1 value = 400 nm (as shown in Figure 4.2), where

the reflection is minimized at λ=1200 nm, rather than an x1 value = 250 nm (as

shown in Figure 4.3) where the reflection is maximized at λ=1200 nm. However,

since our material TiO2 has a small critical wavelength of 413 nm, the frequency of

the light reflection is high, resulting in multiple minima and maxima.

4.2 Electron/Hole Pair Generation Rate

The electron/hole generation rate G found from Eq.(3.7) is shown in Figure

4.4 at x1 = 400 nm, as a function of TiO2 film depth. Figure 4.5 shows the same

results but with logarithmic scale of G. The TiO2 film front surface is at 0 nm, where

maximum photon absorption occur leading to maximum e/h pair generation rate.
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Figure 4.4: The generation rate G at x1 = 400 nm, as a function of TiO2 film depth

Figure 4.5: A logarithmic scale of G at x1 = 400 nm, as a function of TiO2 film

depth
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The total electron/hole pair generation rate Gt found from Eq.(3.8) is plotted

at x1 = 400 nm, at different values of TiO2 film thickness x2 in Figure 4.6. The total

generation rate is an increasing function, since it is the integral of the electron/hole

pair generation rate G at a film depth of x2, i.e., the area under the curve of Figure

4.4. Figure 4.7 shows the logarithmic result of Gt.

Figure 4.6: The generation rate Gt at x1 = 400 nm, as a function of x2

4.3 Recombination of Charge Carriers Rate

The charge carriers bulk recombination rate is found from Eq.(3.9). Since

the absorption coefficient data are fitted as a function of wavelength as in Eq.(3.6),

Eq.(3.9) and (3.10) are modified to be functions of wavelength:
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Figure 4.7: A logarithmic scale of Gt at x1 = 400 nm, as a function of x2

rsp(λ) =
2πn2

2

hλ2

α(λ)

exp

[(
hc

λ
−∆µ(λ)

)
/kBT

]
− 1

(4.2)

∆µ(λ) =
hc

λ

(
1− T

Tsun

)
(4.3)

In addition, the total recombination rate as a function of wavelength is as

follows:

dE = −hc
λ2

dλ (4.4)

The lower and upper integration limits of the total recombination rate in

Eq.(3.11) are zero and infinity, respectively; however, since the photon energy data

range was 2 to 5 eV, these values were used as integration limits. Therefore, the

total recombination rate is found to be
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U =

∫ 620

248

rsp(λ)
hc

λ2
dλ (4.5)

where λ of 248 nm corresponds to E = 5 eV, and λ of 620 nm corresponds to E = 2

eV, and the integration limits are reversed because of the negative sign in Eq.(4.4).

Substituting in Eq.(4.5) by using our model data, the net recombination rate per

unit volume following Eq.(3.12) is:

Unet = 9.197× 1012 (e\h recombined)/m3

= 9197 (e\h recombined)/m2.nm

Thus, the charge carriers recombination rate per unit area at TiO2 thickness x2 is

U total = Unet × x2 (4.6)

where U total is in (e\h recombined)/m2, and x2 is in nm.

4.4 External Circuit Current Model Parameters

The open circuit voltage is found from Eq.(3.18), taking the sunlight concen-

tration factor X = 1, and so

Voc = 2.75 V

The open circuit voltage is high due to the high band gap of TiO2. The

photocurrent Iph is found from Eq.(3.16) at different x1 and x2 values, and by having

Iph and Voc, the dark current Io can be calculated from Eq.(3.17) at different values

of x1 and x2, assuming the non-ideality factor β = 1, and no external bias voltage

is applied (V = 0 V ).
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TiO2 electrical resistance is calculated from Eq.(3.19), with 1 m2 electrode

surface area

RT iO2 =
ρ× x2

A

=
(8× 104Ω.cm)(107)

1018
× x2

= (8× 10−7)× x2 Ω

The Pt electrode and KOH electrolyte resistances are given in Section 3.5, as

follows:

RPt = 10.6× 10−5 Ω

RKOH = 5× 10−5 Ω

The ITO resistance correlation is given in Section 4.1. Thus, the series resis-

tance Rs in Eq.(3.15) is given as the summation of these resistances:

Rs = RT iO2 +RITO +RPt +RKOH

Of these four resistances, the ITO resistance is the most important one, since

it highly affects the current generated.

4.5 Optimum Value Results

Python programming language is used for calculations and simulations of the

research model. The scipy.optimize package is used for the optimization problem.

The optimization problem is given as

minimize
x2∈R

I

s.t. 0 ≤ x2 ≤ 10, 000 nm
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where the sign of the current is negative, referring to the direction of it. Thus,

minimizing the negative value current will lead to having |I| reaching the highest

value possible.

One can notice that the external circuit current Eq.(3.15) is an implicit func-

tion owing to the existence of I in the left hand side, and in the exponential of

the right hand side; ergo, a numerical method is required. The Newton-Raphson

method was used, and a function was created in Python, which takes x1 and x2 as

inputs, and returns the external current value I.

The simulation results showed that at ITO film thickness x1 = 400 nm, as

chosen in Section 4.1, the optimum current value Iopt = 26.9 A for a 1 m2 surface

area electrode, with an optimum solution of the TiO2 thickness xopt2 = 3230 nm.

This value of the optimum solution xopt2 is reasonable as we take a closer look at

Figure 4.7, where the total electron/hole generation rate becomes almost constant

at around 3000 - 3400 nm. Hence, after these TiO2 thickness values, not many

electron/hole pair are generated to overcome the effect of the increased electrical

resistance of TiO2 and increased charge carrier recombination rate. Figures 4.8

and 4.9 represent the external current generated as a function of TiO2 thickness x2

showing the optimal conditions.
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Figure 4.8: External circuit current I at x1 = 400 nm, as a function of x2

Figure 4.9: A closer look of the optimal conditions
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Because of the assumption that each two electrons reaching the cathode will

result in the production of a hydrogen molecule H2, the number of moles of hydrogen

is optimized by optimizing the external current. The number of moles of hydrogen

can be calculated using Eq.(3.20):

nH2 =
I

2qAv

=
26.9 A/m2

2× 1.602× 10−19C × 6.022× 10231/mole

= 1.394× 10−4 mol/(m2s)

The volumetric flow rate of H2 gas generated at the cathode can be calculated

using the ideal gas low, and so at atmospheric pressure and 298 ◦K:

V̇H2 =
ṅRT

P

=
1.394× 10−4 mol/s× 8.314 J/(mol K)× 298 K

101325 Pa

= 3.41× 10−6 m3/(m2s)

= 3.41 cm3/(m2s)

The overall efficiency of the PEC cell is given by Eq.(3.21):

ηc =
I(1.23− Vbias)

IrA

=
26.9(1.23− 0)

970× 1

= 3.41%

The overall efficiency is relatively high compared to the published literature,

and it is primarily due to the different nonidealities occurring in the system that

we did not capture in the model. At first, the published work may have higher
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values of cell components electrical resistances which may decrease the external

current, and thus lower the overall cell efficiency. Furthermore, the model did not

count for the electrochemical reactions rate modeling, and did not consider the

decreased reaction surface area due to hydrogen and oxygen gas bubbles evolving at

the electrodes. In addition, TiO2 band edge alignment with the redox potentials were

not considered in the model, which may require additional over-potential to allow the

redox reactions occurrence. Table 4.2 shows a some of the overall efficiencies achieved

in the literature, and it is clear that when using sunlight, the overall efficiencies are

small.

Table 4.2: Overall cell efficiency comparison

Authors ηc % Light Source

Fujishima et al. [15] 0.4 Sunlight

Ghosh et al. [18] 0.6 Sunlight

Bak et al. [16] 0.4 Sunlight

Li et al. [34] 2.6 UV light

The model results and parameters are shown in Table 4.3 at the optimum

conditions.
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Table 4.3: Model results at the optimum conditions.

x1 (nm) x2 (nm) Iopt (A/m2) H2 (mol/(m2s))

400 3230 26.9 1.394 ×10−4

H2 (cm3/(m2s)) ηc (%) Voc (V) Gt (e\h/m2)

3.41 3.41 2.75 1.82 ×1020

U total (e\h/m2) Iph (A/m2) Io (A/m2) RITO (Ω)

2.97 ×107 29.2 7.31 ×10−46 0.1

RT iO2 (Ω) RKOH (Ω) RPt (Ω) Rs (Ω)

2.6×10−3 5×10−5 10.6×10−5 0.1

One can notice that the dark current is a very small number; however, it should

not be neglected. From Eq.(3.15), Io is multiplied by the exponential term

exp

[(
q
V − IRs

βkBT

)
− 1

]
= exp

[(
1.602× 10−19 0− 26.9× 0.1

1.38× 10−23 × 298

)
− 1

]
= 3.1× 1045
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Therefore, when Io is multiplied by the exponential number, we will have

7.31× 10−46 × 3.1× 1045 = 2.3A

Thus, the current I is

I = −29.2 + 2.3 = −26.9A

The large open circuit voltage (Voc = 2.75 V) and the small dark saturation

current (Io = 7.31 × 10−46) are basically due to large TiO2 bandgap. The PV-

EDUCATION website [35] has interesting plots of the open circuit voltage and dark

saturation current as functions of band gap, and the Voc and Io obtained in this

research matches the values in the website plots at a band gap of 3.0 eV.

4.6 Current Voltage Curve

The current-voltage curve can be obtained using Eq.(3.15) at TiO2 optimum

thickness of 3230 nm, and ITO thickness of 400 nm. By changing the voltage in

Eq.(3.15), we obtain different current values and so we can plot the I-V curve as

in Figures 4.10 and 4.11. Note that the current data obtained from Eq.(3.15) are

actually negative for voltage values less than Voc, indicating the direction of the

conventional current from the cathode to the anode, and electron current from the

anode to the cathode. However, Figures 4.10 and 4.11 are plotted with an opposite

sign in order to be consistent with the previous figures, where the current is also

plotted in the opposite sign.
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Figure 4.10: Current versus voltage at optimum conditions

Figure 4.11: A closer look at the I-V curve at optimum conditions
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Figure 4.11 shows the optimum current (26.9 A/m2) at short-circuit conditions

(V= 0 V), and emphasizes the open-circuit voltage Voc = 2.75 V at I = 0 A/m2.

Furthermore, the slope of the curve in the forward bias is 10 which is equal to the

inverse of the Rs value. The non-symmetric behavior of the curve in the forward

bias and reverse bias indicates the rectifying junction between the TiO2 and the

electrolyte [36].

The published current-voltage curves of the PEC cells in the literature can have

two behaviors depending on the experimental circuit configuration used. Figure 4.12

shows an experimental circuit diagram where a reference electrode is used, and the

voltage obtained and used in the curve is the voltage difference between the reference

electrode and the photoanode. Figure 1 in Fujishima et. al. [14] is obtained with an

experimental circuit configuration similar to Figure 4.12. On the other hand, Figure

4.13 is an experimental circuit diagram where no reference electrode is used, and

the voltage plotted in the current-voltage curve is the voltage difference between the

two electrodes. This circuit configuration follows the empirical diode equation and

produces a current-voltage curve, which is sometimes referred to as the photovoltaic

output characteristics, similar to the one obtained in this thesis. Both Figures 4.12

and 4.13 are recreated from Figure 1 in Sawant et. al. [36].
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Figure 4.12: Experimental circuit diagram with a reference electrode [36]

Figure 4.13: Experimental circuit diagram where no reference electrode is used [36]
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4.7 Concentrated Systems

If a system is designed to have more sunlight concentration, i.e. with a con-

centration factor X > 1, better results will be achieved. The concentration factor

X will primarily affect the photocurrent, and slightly affect the open circuit voltage

as in Eq.(3.18). The external circuit current equation used for this case will be [6]

I = −XIph + Io

[
exp

(
q
V − IRs

βkBT

)
− 1

]
(4.7)

where Iph represents the photocurrent at X = 1, and the term XIph will represent

the increased photocurrent generated by solar concentration. The results might

not change that much at ITO thickness of 400 nm, but when we increase the ITO

thickness by 50 nm, to be 450 nm, the external current and the hydrogen generation

rate are more than doubled as in Table 4.4 and Figure 4.14.

Table 4.4: Optimization results for a concentration factor of X = 2.

x1 xopt2 Iopt H2 H2

nm nm A/m2 moles/(m2s) cm3/(m2s)

400 1101 28.1 1.46 ×10−4 3.57

450 4536 60.2 3.12 ×10−4 7.63
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Figure 4.14: External current I at X= 2 as a function of x2
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Chapter 5: Conclusion and Future Work

In this research, a photoelectrochemical cell model is developed, where tita-

nium dioxide (TiO2) is used as a photoanode material, platinum (Pt) as a cathode,

and 1 M potassium hydroxide (KOH) solution as an electrolyte. The photoanode

consists of a TiO2 film deposited on a quartz (SiO2) substrate coated with indium

tin oxide (ITO) as a transparent conducting oxide. Light would travel through SiO2

and ITO before it reaches TiO2, where photons can be absorbed in order to gen-

erate electron/hole pair necessary to drive the surface reactions in order to split

water to hydrogen and oxygen. The main objective is to maximize the production

of hydrogen at the cathode by optimizing the external current, with TiO2 and ITO

thicknesses as optimization variables. This research is contributing to the field since

the effect of TiO2 and ITO thicknesses on the hydrogen generation rate has not been

adequately addressed in the literature. In addition, if another material is used as a

photoanode, similar model methodology can be used to find the optimum thickness

of the anode films in order to maximize the hydrogen generation rate.
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5.1 Summary and Conclusions

In this research, the Beer-Lambert law is used in conjunction with the empirical

diode equation to calculate the electron/hole pair generated in the photoanode, and

the external current reaching the cathode. Several nonidealities were included in the

model such as the light reflection between the anode electrode films, and the series

resistance represented in ITO, TiO2, KOH, and Pt electrical resistance. The light

reflection did not have a substantial effect on the model since its maximum value did

not exceed 11%. The electrical resistance of Pt and the KOH solution also did not

have a considerable effect due to their low resistivity and assumed thicknesses of 1

mm each. The electrical resistance of TiO2 does not have a significant effect for small

values of thickness (up to 3000-3500 nm) since the electron/hole pair generation rate

is significantly increasing; however, as the TiO2 thickness increases above 3230 nm,

the external current is reduced owing to the increased resistance.

As a reasonable approach, the thickness of ITO was chosen to be 400 nm

since there is not an optimum thickness of ITO at which the current is maximized.

The optimization results showed an optimum value of the external current of 26.9

A/m2 at TiO2 thickness of 3230 nm. The optimum solution of 3230 nm seems

reasonable since the total electron/hole generation rate does not increase enough to

overcome the increasing electrical resistance of TiO2 as the thickness increases. At

the optimum conditions, the moles of hydrogen generated is 1.394 ×10−4 mol/(m2s),

with a volumetric flow rate of 3.41 cm3/(m2s), and a cell overall efficiency ηc =

3.41 %. A concentration factor X = 2 was tested to check the effect it has on
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the external current. The results showed that the current, and thus the hydrogen

production rate, were more than doubled at an ITO thickness of 450 nm and an

optimum TiO2 thickness of 4536 nm. At these optimum conditions, the external

current is 60.2 A/m2, the moles of hydrogen produced is 3.12 ×10−4 mol/(m2s), and

the volumetric flow rate was 7.63 cm3/(m2s).

5.2 Implications for Future Research

The work done in this thesis can be extended with different approaches. Some

of the assumptions made in the model can be relaxed and more nonidealities can

be added to better represent the system. It was assumed that each two electrons

reaching the cathode will result in the production of a hydrogen molecule; however,

that is not always the case. Electrons can also involve in other side reactions [37]

and, thus, accounting for all the possible side reaction is important. In addition,

because the redox reactions are surface reactions, an active site has to have an access

to electrolyte and electrons. Due to the evolution of oxygen and hydrogen gas at the

anode and cathode, the electrode surfaces can be partially covered with gas bubbles

reducing the active surface area of the electrode. In addition, the light reflection

model did not include the reflection at the glass window of the PEC cell and in

the electrolyte as light travels to reach the photoanode; hence, a more sophisticated

model would account for these nonidealities. For simplicity purposes, only one type

of charge carriers recombination was considered (the radiative recombination); thus,

it is important to consider different types of charge carriers recombination, especially
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the surface recombination, to make the model more realistic. Another important

issue is to focus on the surface reactions mechanism and rate equations, and specify

the rate limiting step to improve the reactions rate. One option is to consider a

catalyst material at the anode and cathode to lower the reactions activation energy

and hence enhance the rate of reaction. Furthermore, investigating TiO2 band edge

alignment with the water electrolysis potentials, as shown in T. Bak et al. Figure

13 [2], and the Pt work function, and estimating the position of the equilibrium

Fermi-level position after the cell components contact is established are crucial to

better understand the system and determine whether extra potential is required to

initiate the redox reactions at the electrodes. In addition, a good approach is to

extend the work done in this thesis with a follow up experiment to support the

results. Another approach is to work on the TiO2 electrode itself by enhancing

its electrochemical properties. Lowering the band gap of TiO2 and the search for

effective doping materials are good options for research in order to increase the

efficiency of the photoelectrochemical process.
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