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Abstract

In past decades, the intensification of human activities has created an alarming rise in
environmental pollution levels. The use of photocatalysis or photoelectrocatalysis present
alternatives for the decentralized treatment of domestic wastewater compounds, with the
potential coupling to energy recovery. This study aims to explore the use of these

technologies for the oxidation of urea and the possible coupling to hydrogen production.

The use of two TiO2 nanostructured electrodes, P25 and titanium nanotubes (TiNT), was
studied for the photoelectrochemical oxidation of urea. The TiNT showed better
performance with higher photocurrent, an incident photon-to-current conversion
efficiency (IPCE) reaching 55.11 % at 340 nm and an oxidation rate of 0.0037 min!. The
better performance of the TiNT electrode was attributed to the longitudinal pathway

provided by the nanotubes, aiding charge transfer.

Subsequently, the enhancement in the TiO2(P25) performance through the deposition of
CuxO clusters was explored using atomic layer deposition. The photoelectrocatalytic
results showed that the addition of CuxO clusters rectified cathodically the TiO2 generated
current. Alternatively, when used in photocatalytic suspension, the Cu2O clusters with
low loadings (<1 wt.%) showed improved urea oxidation achieving up to 1.7 times the

rate of unmodified TiO2(P25).

Additionally, the oxidation of urea coupled to hydrogen production was investigated,
using WOs3 as photoanode. The WO3 electrode exhibited superior performance than P25,
with a visible light activity up to 470 nm, 10 times higher photocurrent, an IPCE of 43 %
at 360 nm and a urea oxidation rate constant of 1.47x1072 min~!. Hydrogen was
simultaneously produced with a Faradaic efficiency of 87.3 % and a solar-to-hydrogen

conversion efficiency of 1.1 %.

This thesis showed the potential for the development of technologies based on the
photoelectrochemical treatment wastewater pollutants coupled to energy recovery.
Further work is needed to address the selective oxidation of urea to dinitrogen and testing

under real conditions.
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Chapter 1. Introduction

In the last decades, the intensification of anthropogenic activities and the rapid growth of
the global population have resulted in alarming, ever increasing, levels of environmental
pollution. Pollutants from different sources as industrial discharge, agricultural runoff,
sewage and improper waste disposal end up in different water bodies as groundwater,
river, lakes and oceans. This causes toxicity and harm to aquatic organism, as well as

challenges to the drinking water system and economic impact [1].
1.1 Nitrogen pollution in wastewater

Nutrient pollution is one of the most widespread types of water pollution worldwide,
causing adverse environmental effects. Eutrophication is a direct consequence of
excessive nutrients in water, with a depletion of the oxygen in water bodies, causing an
unbalance in the ecosystems. This harmful outcome can also entail the bloom of harmful
algae, and in extreme cases the creation of dead zones [2,3] (Figure 1-1). This type of
pollution occurs when an excess loss of nutrients gets released uncontrollably to soil, air
and water. On of the major contributors to the nutrient pollution in water bodies is the
excess of nitrogen compounds. Most of the nitrogen in wastewater derives from diverse
human activities, like intensive farming, excessive use of fertilizers and wastes from some

industries [2,4].

Figure 1-1. Pictures of some Dutch urban waters that annually suffer from

cyanobacterial blooms. Figure reproduced from [5].
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Additionally, there is an elevated nitrogen concentration coming from domestic and
municipal sewage [2,3]. Urine contributes to 80% of all the nitrogen waste found in

domestic wastewater, with urea ((NH.).CO) as a major constituent [6].

Nitrogen excess is often treated in wastewater treatment plants based on biological
processes. These methods require several steps using nitrogen transformations [7].
Firstly, in the ammonification step, the nitrogen bacteria convert the organic nitrogen to
ammonia. Secondly, during the nitrification step, the ammonia is biologically oxidized to
nitrates; using a two steps process. In the first step, bacteria as Nitrosomona convert the
ammonia to nitrite, and in the second step, bacteria as Nitrobacter transform the nitrite
into nitrate [7]. These steps (i.e., the biological oxidation of ammonia to nitrates) require
high quantities of dissolved oxygen and alkaline additives to keep the pH in the bacteria
working range [7,8]. Finally, during the de-nitrification step, the nitrates are converted to
dinitrogen (N2) gas; for this process a low oxygen environment is required. Even though
these biological processes are a quite mature technology, they also have several
drawbacks: multistep process, oxygen and pH control, use of alkaline additives and low
nitrification rate. These biological reactors are thus characterized by high energy demand,

large space requirement and elevated operational costs [9].

Recently, with the purpose of addressing the drawbacks from the current water treatment
technology, alternative biological processes are being studied. These include
simultaneous nitrification and denitrification (anammox), aerobic deammonification,
partial nitrification and denitrification, complete autotrophic nitrogen removal over nitrite
(CANON), and oxygen-limited nitrification and denitrification (OLAND) [9]. Moreover,
in order to increase the removal rates, reduce the size of reactors and the operational costs,
the use of non-biological technologies are also being researched, e.g., air stripping,

membranes, electrochemistry and photocatalysis [10,11].
1.2 Greenhouse emission and the necessity of fossil-free fuels

At present, the average surface temperature of the earth is reported to be 1 = 0.2°C higher
than at pre-industrial times [12] (Figure 1-2). The emission of GHG from human
activities, mostly from burning fossil fuels in the energy, agricultural and industrial

sector, is considered to be the leading reason for this increase in temperature [13].
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Figure 1-2. Evolution of global mean surface temperature (GMST) over the period of

instrumental observations. Figure reproduced from [14].

The Intergovernmental Panel on Climate Change (IPCC) stated that increase in

temperature should not exceed 1.5° C above pre-industrial level [15]. Beyond this

threshold irreversible and catastrophic events would be unavoidable, posing a threat to

the existence of life as we know it today [15]. According to the IPCC report, if we keep

the current emission level, we will reach 1.5°C in 2040 (Figure 1-3), therefore an urgent

decrease on GHG emission is required to accomplish this target [12].
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In order to fulfil this goal, it is necessary to decarbonize the energy, agriculture and
industrial sectors, by the use of renewable energy and sustainable fuels. Hydrogen, when
produced from a sustainable technology, is considered crucial clean energy carrier that
can enable a decarbonized society fuelled by renewable energy. The use of hydrogen in
fuel cells or combustion engines produces only water, resulting in zero carbon emissions.
Moreover, H2 has a high gravimetric value, making it an attractive green energy carrier.
The International Renewable Energy Agency (IRENA) reported in 2019 that more than
95 % hydrogen is produced using fossil fuel based technologies, as oil and coal
gasification or steam-methane reforming [16]. This data highlights the critical necessity

to develop alternative and sustainable H2 production processes.
1.3 Energy recovery from wastewater

The current society is constructed on the basis of a linear production route, the extraction
of raw matter is followed by its industrial transformation into products, and its disposal
as waste. This linear approach originates long-term issues, threatening the limited
available natural resources and highlighting its inefficient use. This linear practice
contributes to the climate crisis and water pollution. Consequently, it is vital to embrace
alternative approaches following the circular economy concept, where materials and
products are in the economy for as long as it is possible. Wastewater has a notable
potential to be used for resource recovery, since it contains nutrients, like phosphorus and
nitrogen, but also precious metals [17]. In addition, wastewater also represents a potential
source of energy [17]. The operation of conventional wastewater treatment plants requires
a high energy use [18]. However, the energy required to run these processes may be
produced from wastewater itself in distinct forms, including electricity, heat or fuels, as
methane or hydrogen. A clear example of energy recovery from wastewater is the
production of biogas by anaerobic digestion. This process is currently being employed in
some wastewater treatment facilities around the world [17]. The anaerobic digestion is
based on the degradation of organic waste employing bacteria, which in the absence of
oxygen produce biogas, i.e., a mixture of methane and carbon dioxide. Yet, the methane
is a carbon-based fuel, and its use leads to the emission of GHG. Therefore, it would be

more interesting to extract carbon-free fuels, such as Ho.

Hydrogen can be produced from wastewater, for instance, using biological processes.

Due to its high content of organic matter, wastewater is a good candidate for the
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generation of hydrogen via fermentation. Biological hydrogen production methods
include photo-fermentation and dark fermentation [19]. In photo-fermentation,
photosynthetic bacteria driven by sunlight convert organic compounds into CO2 and Ho.
In dark fermentation, diverse bacteria groups take part in a sequence of biochemical
reactions to transform organic substrates into biohydrogen. Usually, these two processes
are coupled, since the organic acids, i.e., the by-products of dark fermentation, can be
converted to hydrogen during photo-fermentation by the photosynthetic bacteria [20]. An
alternative pathway to recover energy from wastewater consist in using microbial fuel
cells (MFC). In MFC, organic matter is oxidized by the bacteria in the anode while
injecting electrons. The latter can be used to produce electricity or hydrogen at the
cathode, depending on the application. MCF are regarded as a promising candidate for
energy recovery from wastewater; however, challenges for the rapid scale-up of this
technology include low power generation, sluggish electron transfer, membrane fouling

and low growth rate of microbes [21,22].

Between alternative non-biological processes, an attractive approach is the utilization of
photocatalysis to yield hydrogen from wastewater. With this technology, the excitation
of a semiconductor with photons with energy equal or greater than the band gap energy,
results in the formation of electron-hole pairs. These charge carriers can recombination
in the bulk of the semiconductor with the energy emitted as heat or light, or they can
migrate to the surface of the semiconductor. If the charges reach the surface, they can
drive redox reactions with the adsorbed chemical species on the surface. The redox
reactions that take place are dependent on the band edge potentials. If at appropriate
potentials, the photogenerated hole can be used to oxidize wastewater compounds and the

photogenerated electron to produce hydrogen.

An interesting step forward from photocatalysis is the use of electrochemically assisted
photocatalysis, also  commonly referred as  photoelectrochemistry  or
photoelectrocatalysis. This approach commonly utilizes a semiconductor photoanode
which when irradiated, is able to oxidize organic or inorganic waste compounds. This
(photo)anode is connected to a counter electrode through an external circuit. Through this
circuit, the photogenerated electrons passe to the counter electrode where reduction of
protons (H") to Hz can occur. The counter electrode can be formed by a metallic or carbon

conducting electrode, or a semiconductor photocathode (with or without a photoanode).
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A detailed description of the photocatalytic and photoelectrochemical fundamentals,

materials and their use on hydrogen production from wastewater is given in Chapter 2.

1.4 Aim and Objectives of the thesis

1.4.1 Aim

The overall aim of this research is to investigate the use of semiconductor materials in

photocatalytic or photoelectrochemical configuration applied to the oxidation of N

pollutants in wastewater, with the simultaneous recovery of energy as hydrogen gas.

1.4.2 Objectives

1.

11.

1il.

1v.

V1.

Vil.
Viii.

1X.

Conduct a detailed literature review on the use of photocatalytic and
photoelectrochemical processes for the treatment of wastewater coupled to the
production of hydrogen.

Fabrication of nanostructured titanium dioxide (TiO2) and tungsten trioxide
(WO3) photoanodes.

Modification of the semiconductor surface using atmospheric-pressure Atomic
Layer Deposition.

Use of material characterization techniques to study morphology, chemical
composition, crystalline phase, and optical properties (SEM, XPS, XRD, UV-Vis
DRS).

Use photoelectrochemical analysis to study material performance and determine
the incident photon to electron conversion efficiency (IPCE).

Design and fabrication of customized photoelectrochemical cells for the lab-scale
prototype for the simultaneous degradation of urea and production of hydrogen
Determination of the materials activity for urea oxidation.

Identification and quantification of urea oxidation products.

Quantification of hydrogen production and assessment of system performance

through faradaic and solar-to-hydrogen conversion efficiency.

1.5 Thesis structure

Chapter 2 contains an overview of the fundamentals, materials and the parameters used

to evaluate the performance of photocatalytic and photoelectrochemical processes. It

focuses on reviewing the removal of wastewater pollutants and the possible coupling to
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hydrogen production using photocatalysis and photoelectrochemistry. This chapter also
includes the materials used, possible mechanisms and performance of these processes.
Finally, the chapter concludes with a critical evaluation of the current limitations and

future opportunities.

Chapter 3 includes the materials and methodology used in this research project,
describing the synthesis methods, material characterisation, (photo)electrochemical

characterization and analytical techniques that were utilized.

Chapter 4 reports the use of two different nanostructured TiO: electrodes (P25 and TiNT)
for the oxidation of urea. It included a comparison of their material properties and
photoelectrochemical performance. Moreover, the behaviour of these electrodes in the
presence of common nitrogen wastewater compounds (urea and ammonia) was also
studied, including the influence of the pH on the photocurrent. Finally, the urea oxidation
rate for both materials was compared with the use of a photoelectrochemical custom-

made cell.

Chapter 5 reports the use of ALD for the controlled deposition of CuxO clusters on the
surface of TiO2 and the study their performance for photocatalytic and
photoelectrochemistry. This study included the material characterization of the modified
samples for the different loadings with a special focus in the copper clusters oxidation
state and particle size. The photoelectrochemical properties of the modified samples were

also assessed together with the photocatalytic performance for the oxidation of urea.

Chapter 6 reports on the use WO:; as photoanode material for the oxidation of urea. The
photoelectrochemical behaviour of the WOs electrodes was studied and compared to TiO.
(as benchmark). Urea oxidation kinetics and product distribution were investigated
comparing the use of 1 or 2 compartment custom-made photoelectrochemical cells.
Moreover, the simultaneous production of hydrogen was detected and quantified,
calculating faradaic and solar-to-hydrogen efficiencies. The findings presented in this
chapter demonstrate the proof of concept of oxidizing common pollutants present
wastewater as urea, coupled to the simultaneous generation of hydrogen in a

photoelectrochemical cell.

Chapter 7 presents the overall conclusion of this thesis, ending with recommendations

for future work.
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The contents of this chapter have been published in part in “Rioja-Cabanillas A.,
Valdesueiro D., Ferndndez-Ibaniez P., Byrne J.A., Hydrogen from wastewater by
photocatalytic and photoelectrochemical treatment, J. Phys. Energy. 3 (2021) 012006.
https://doi.org/ 10.1088/2515-7655/abceab”™

2.1 Introduction

The present chapter contains an overview of the fundamentals, materials and the
parameters used to evaluate the performance of photocatalytic (section 2.2) and
photoelectrochemical processes (section 2.3). The main section reviews the treatment of
several wastewater coupled to hydrogen production using both photocatalysis and
photoelectrochemistry, the different waste compounds are categorized in groups with a
special emphasis put on nitrogen compounds, specifically on urea and ammonia (section
2.4). This section also includes a discussion of materials used, possible mechanisms and
performance of these processes. Finally, this review chapter concludes with an evaluation

of the current limitations on this field and future opportunities.
2.2 Photocatalysis

In photocatalysis, a semiconductor is irradiated with photons with energy equal to or
greater than the band gap energy, resulting in the excitation of electrons from the valence
band (VB) to the conduction band (CB). The photo-excited electron leaves a positively
charged hole in the VB. These charge carriers are referred to as an electron-hole pair. The
charge carriers can recombine in the semiconductor bulk dissipating energy as heat or
light or they can migrate to the surface of the semiconductor. At the surface, they can
undergo charge transfer processes driving redox reactions with chemical species which

are adsorbed at the surface of the photocatalyst.
2.2.1 Fundamentals

Photocatalysis has been widely studied for the degradation of organic pollutants,
extensive information can be found in previous reviews [ 1-4]. The organic pollutants can
either undergo direct oxidation by holes, indirect oxidation by reactive oxygen species
including hydroxyl radicals, or they may be transformed by a reductive route involving

CB electrons. The most employed electron acceptor in photocatalytic oxidation reactions
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is molecular oxygen since it is abundant in the air and is reasonably soluble in aqueous
solutions. The oxygen is reduced by the CB electrons to form the superoxide radical anion
(O2+). Subsequent reduction reactions lead to H202, *OH, and eventually H20. A

representation of this process is shown in Figure 2-1.

Photocatalysis has also been investigated for hydrogen production through water
splitting, as detailed described in several reviews [5-8]. In this application, the
photogenerated holes are used to oxidize the water molecules to evolve oxygen, while the
photo-generated electrons in the CB reduce protons and evolve hydrogen, as shown in
Figure 2-1 (b). However, photocatalytic hydrogen production from water splitting is a
challenging reaction because it is thermodynamically unfavourable (2-1) requiring a high
energy input and the transfer of four electrons. It should be recognised that technically,
uphill thermodynamic processes are photosynthetic, however, to avoid confusion, in this
review both endothermic and exothermic reactions will be referred as photocatalytic.
Hydrogen production from the oxidation of other compounds with reactions requiring
less energy or being thermodynamically favourable (AG°< 0) have also been investigated.
This is schematically represented in Figure 2-2. These compounds can donate electrons
and scavenge the VB holes while also acting as a source of protons. There are many
compounds present in wastewater that could act as a hydrogen source, as ammonia and

urca.

1 ]
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Figure 2-1. Schematic representation of photocatalytic process. (a) Photocatalytic
degradation of organic pollutants with oxygen as the electron acceptor. (b)
Photocatalytic water splitting. (c) Photocatalytic oxidation of pollutant with H>

evolution as the reduction reaction.
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Figure 2-2. Thermodynamic energy diagram with examples for hydrogen production

from water, ammonia, and glucose. Values obtained from [9-11].

Most studied compounds have been organics, but this is also possible with inorganic
compounds as e.g., ammonia. In this application, the photo-generated holes are used to
oxidize the unwanted compounds, which can take place through direct oxidation or
indirect oxidation via hydroxyl radicals (*OH). The photo-generated electrons reduce the
protons to form hydrogen. A schematic representation of this process is shown in Figure
2-1(c), with the oxidation of a generic organic compound. The photocatalytic oxidation
of organic substances to form hydrogen is also referred as photoreforming and it follows

the general equation given in (2-2).
: ly- (2-2)
CxHyO, + (2x-z) H2O0 2 x CO2 + (2x + > z) Ho

The ability of a semiconductor to perform the desired redox reactions depends on the
band gap energy and the band edge potentials for the VB and the CB. For the reactions to
be thermodynamically possible, the CB edge potential should be more negative than the
desired reaction reduction potential and the VB edge potential should be more positive
than the desired reaction oxidation potential. In the water splitting reaction, the CB should
be more negative than the hydrogen evolution reaction (HER) potential (0 V vs. NHE at
pH 0), and the VB should be more positive than the oxygen evolution potential (+1.23 V
vs NHE at pH 0). While in the reactions with oxidation of wastewater compounds, the

conduction band needs to be more positive than the oxidation potential of the waste
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compounds and pollutants. These potentials are more negative than the potential for water
oxidation, requiring less energy for the overall reaction. The CB and VB of several
semiconductor materials, together with the oxidation and reduction potential of these

reactions are given in Figure 2-3.

LE(V) vs. NHE CN, @8 Conduction band

L5 A
Cu,0 Valence band

CeHp,06 + 6 HyO + 240" > 6 CO, + 24 HY 10

Cds

m WO,  BiVO,
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Figure 2-3. Band gap position of semiconductors in relation to oxidation and reduction
reactions from wastewater compounds. Energy levels were previously reported in [12—

18].

The ideal semiconductor material for photocatalytic hydrogen production from

wastewater compounds would have the following general requirements:

e suitable band edges position,

e good light absorption,

e efficient charge transport,

e chemical and photochemical stability,

e low overpotentials for the desired reduction and oxidation reactions,

e Jow cost and being abundant.

It is important to consider that almost half of the incident solar energy on the earth's
surface is in the visible region (400 nm <A <800 nm), and therefore, for solar applications

the photocatalyst should be able to utilise both the UV and visible photons.
2.2.2 Materials

While a wide range of materials have been investigated for photocatalytic hydrogen
production [5-8], the present review will focus on the materials reported for Hz

production coupled to the oxidation of pollutants found in wastewater. Titanium dioxide
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is the most reported photocatalyst to investigate the coupling of H2 production to the
degradation of compounds found in wastewater [19-26]. Other materials as cadmium
sulphide [27,28] and graphitic carbon nitride [29,30] have also been reported for Ha

production from wastewater compounds.

Titanium dioxide (TiO2) is employed in a wide variety of fields, ranging from energy
applications such as hydrogen production and CO:2 reduction, to environmental
applications as water treatment, air purification and water disinfection [31]. TiO2 exists
as three different polymorphs: anatase, rutile and brookite (Figure 2-4). Its properties
include high photo-activity, low cost, low toxicity and good chemical and thermal
stability. Nevertheless, it suffers from having a high electron-hole recombination and a
large band gap. TiO2 band gap is 3.2 eV for anatase, 3.0 eV for rutile, and ~3.2 eV for
brookite [31]. This wide band gap limits the light absorption to the ultraviolet range,
which just accounts for 4-5 % of the solar spectrum, consequently, limiting its practical

application.

(a)

Figure 2-4. Titanium dioxide crystalline structures: a) anatase, b) rutile and c) brookite.

Image reproduced from reference [12].

Developments to improve light absorption of TiO:z include doping, metal deposition, dye
sensitization and coupled semiconductors [12]. Non-metal doping has been extensively
researched, with some reports claiming some non-metal dopants to give visible light
absorption [32]. Nitrogen is easily inserted in the TiO: structure since it has a high

stability, small ionization and its atomic size is similar to oxygen [33]. Other promising
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non-metal dopants are carbon and sulphur [34,35]. Alternatively, the generation of
oxygen rich TiO:2 has been reported to produce an increase in the Ti-O-Ti bond strength
and an upward shift in the VB, achieving visible light absorption [36]. Doping with metals
as chromium, cobalt, vanadium and iron has also been reported to improve the light
absorption [12]. Dye sensitization has been considered as one of the most effective
strategies to extend the spectral response into the visible region, benefiting from the
knowledge of dye sensitized solar cells. Moreover, coupling TiO2 with other
semiconductors has also resulted in an improvement of the light absorption and a

reduction of the recombination losses [37].

A commercially available TiO2 product, Degussa (Evonik Aeroxide) P25, has been often
used as a benchmark in research. It contains a combination of two phases, anatase and
rutile, with proportions of around 80 % anatase and 20 % rutile. This configuration
enhances the photoactivity since the rutile phase, it is reported to have, a less negative
position of the conduction band, being able to act as electron sink for the photogenerated
electrons of the anatase phase [12]. Alternatively, it is also reported the better
photoactivity to be due to rutile extending light absorption into the visible region, charge
separation and rutile small size crystallites which facilitates the electrons transfer between

the anatase/rutile interface [38].

The overpotential for HER on TiOz is large so usually metal co-catalysts are added. Since
the work function of noble metals is typically larger than TiO2, the photogenerated
electrons transfer from the semiconductor CB to the metal [31]. Pt is one of the most used
co-catalysts for HER because of its work function being the largest among the noble
metals. This results in a stronger electron trapping ability and a low activation energy for
proton reduction [12,31]. Pt co-catalyst ability strongly depends in its particle size and
loading [31]. Alternatively, the heterojunction of TiO2 with NiO or Cu20 have also been
reported to improve the photocatalytic performance of TiO2. Cu20 is a p-type
semiconductor with a narrow bandgap of 2.2 eV. Its junction with TiO2 have been
reported to form a p-n heterojunction, which helps the charge separation [39]. Moreover,
the presence of Cu20 is known to induce a narrowing of the band gap of TiO2, thereby
enhancing its light absorption [40]. NiO is also a p-type heterojunction that can form a p-

n heterojunction with TiO2, improving charge separation [41].
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Cadmium sulphide (CdS) is a widely researched visible light photocatalyst. It has been
investigated in diverse applications, such as hydrogen production, carbon dioxide
reduction to hydrocarbons or pollutants degradation [16]. CdS is characterized by a
narrow bandgap of 2.4 eV, which enables the absorption of light until 516 nm [16]. It
exhibits good photochemical properties and quantum efficiency [42,43]. However, it
suffers from photo-corrosion, since the photogenerated holes react with the sulphur ions
oxidizing them to sulfur [44]. CdS low stability makes difficult its application in industry.
Some of the strategies to improve CdS stability and inhibit photo-oxidation include the
addition of surface protective layers, constructing heterojunctions and combining them

with microporous and mesoporous materials [27,45].

Graphitic carbon nitride (g-C3N4) has received lot of attention as visible light
photocatalyst, and it has been reported to be a promising photocatalyst for a diverse
number of applications including Hz production [46]. g-C3N4 is usually produced by
thermal condensation of nitrogen-rich precursors. Its polymeric nature allows the
modification of properties such as morphology, conductivity and electronic structure
which modifies the bandgap energy and bandgap edges potential position [17]. However,
some studies have found g-C3Na4 to have a poor photocatalytic activity [47] or even to
self-oxidize [48]. g-C3Naphotocatalytic activity and efficiency have been improved using
several strategies. Heteroatom doping and copolymerization have been employed to
modify the electronic band structure to enhance light absorption [49]. Moreover, the
heterojunction with other semiconductors as CdS [50] or TiO2[51] have been reported to

achieve an improved separation of the photogenerated charges [17].
2.2.3 Photocatalyst fabrication methods
The most used methods for the synthesis of photocatalyst are as follows:

- Hydrothermal method. This method is widely employed for the fabrication of
semiconductor particles [52,53]. This technique involves the use of chemical
precursors dissolved in aqueous or organic solvents placed into a sealed reactor
and exposed to heat and pressure. As for example, the synthesis of WO3 using
NaxWOsas precursor. The size, shape and crystal phase of the semiconductors can
then be controlled by varying the synthesis conditions (i.e. temperature, pressure,

type and concentration of the solution and duration of the treatment).
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Calcination method. In this procedure the precursors are subject to a thermal
process, which bring a chemical or physical transformation, such as removal of
volatile component, decomposition of compounds, phases transitions or

crystallization [54].

Chemical precipitation. This method consists in the formation of a solid insoluble
compound from the reaction of soluble precursors. The synthesis is normally
controlled through pH, temperature and concentration of reactants, an example is

the synthesis of TiO2 from TiCls using NaOH and NH4OH as precipitants[55].

Sol-gel method. This procedure involves the transformation of a “sol” (colloidal
suspension of solid particles in a liquid), into a gel-like material through a series
of chemical reactions. This process entails four main reactions: hydrolysis,
polycondensation, drying, and thermal decomposition [55]. An example of this

method is the fabrication of TiO2 from tertbutyl titanate.

Developments to improve photocatalysts performance include doping, metal deposition,

dye sensitization and coupled semiconductors. Common techniques that have been

widely employed for the deposition of metal or metal oxide nanoparticles are as follows:

Impregnation consists in the exposure of the semiconductor photocatalyst in a

solution containing the modifier catalyst and then dried [41].

Photo-deposition is a method in which the semiconductor particles are placed in
a solution containing the catalyst precursor, and subsequently illuminated. The
light induces redox reactions that allow the deposition of particles on the
semiconductor. For this deposition to happen, the oxidation/reduction potential of
the metals to be deposited needs to be at favourable positions of the band gap of
the semiconductor [56]. An example of this method is the photo-deposition of NiO
using Ni2SO4 as electrolyte.

In recent years, alternative techniques have been reported for photocatalyst surface

modification which could achieve high precision [57]. Some of these techniques are:

Chemical vapour deposition (CVD) is a gas-phase method in which the
semiconductor is placed in a reactor. Two precursors are then fed simultaneously,

forming a coating through chemical reactions on the substrate. In this technique,
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the variation of temperature, pressure, precursor concentration, gas flow rate,
reaction time offer a control over thickness, composition, morphology and

crystallinity [58].

- Atomic layer deposition (ALD) is a gas-phase method consisting in the
consecutive exposure of the semiconductor to two gas precursors, alternated by a
purge step with an inert gas. In this technique, one precursor at a time is introduced
in the reactor chamber and reacts with the surface of the semiconductor, forming
a monolayer (self-limiting process). The unreacted excess of the precursor is then
removed with the purging step. The second precursor reacts with the previously
deposited monolayer, leaving on the surface of the substrate the desired material.
This technique is based on the self-limiting nature of the chemical reactions,
which only react at the available active sites on the substrate surface. Once all the
active sites are occupied, the reaction cease, independently of the excess on
precursor dosing, enabling precise control over the coating size and uniformity.
To ensure the self-limitation of the reactions, temperature, pressure, pulsing
frequency of the reactants, and purging steps must be adjusted accordingly
[57,59]. For the application of ALD to semiconductor particles, several types of
reactors have been investigated: rotary reactors [60], vibration reactor [61], pulse-
bed reactor [62], and the most used one being the fluidized bed reactor [57]. In the
latter case, the fluidization of semiconductors when the particle size is smaller
than 30 um, including nanoparticles, has been reported to be challenging. In most
cases there is increased cohesion due to van der Waals forces which provoke the
agglomeration of the nanoparticles [57]. If agglomeration is excessive, it can have
a detrimental effect in the fluidization, therefore, fluidization tools are usually

needed as stirring, vibration or microjets [57].
2.2.4 Efficiency

The photocatalytic performance can be evaluated using quantum efficiency. The quantum
efficiency or yield is defined as the useful photo-conversion events per absorbed photons
at a determined wavelength. The useful events are usually calculated by the reaction rate.
This is given in (2-3) where 7 is the reaction rate given in number of molecules converted
per second, and @, is the flux of absorbed photons expressed as number of photons

per second. However, it is challenging to determine the absorbed photons in the
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semiconductor. Therefore, the external or apparent quantum efficiency, which is also
referred as photonic yield, is usually used instead [63]. It can be defined as the useful
events per incident photons in the system at a determined wavelength. This expression is
given in (2-4), where r is the reaction rate given in number of molecules converted per
second and @, is the flux of incident photons expressed as number of photons per
second. The incident photons can be measured using radiometric or actinometric
procedures. Moreover, the external quantum efficiency takes into account the efficiency
of the overall process including the efficiency of the material absorbing photons as well

as catalysing the reaction and the efficiency of the reactor design [63].

Tr
EQD) = — (2-3)
Q >
r
EQE() = — (2-4)
Q >

If one is using a polychromatic irradiation source then the Formal Quantum Efficiency
(FQE) should be reported, normally integrating the number of photons which can be
utilised by the semiconductor in question. Of course, for many semiconductors the true
solar efficiency will be very low due to only a small proportion of the solar spectrum

being utilised.

Additionally, the performance of a photocatalytic hydrogen production process can also
be evaluated using the solar-to-hydrogen conversion efficiency (nstu), which relates
chemical hydrogen energy produced to the solar energy. This expression is shown in
(2-5), where @y, is the hydrogen rate in mol st m?, G'y, the Gibbs free energy of
hydrogen formation and P is the photon flux in mW c¢cm™ measured for a light source with

a spectra equal to air mass global (AM) 1.5 [64].

[% - G"Hzl (2-5)
Nsty = - p

AM 1.5G
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However, it is still challenging to compare between different photocatalytic efficiencies
reported in literature due to the wide range of equipment and experimental conditions in
the studies. Therefore, it is also helpful to include the comparison to a benchmark as e.g.,

P25.

2.3 Photoelectrochemical cells
2.3.1 Fundamentals

An approach to enhance the efficiency of photocatalysis is the use of electrochemically
assisted photocatalysts in a photoelectrochemical (PEC) cell. In this configuration, the
oxidation and reduction reactions are performed by two different electrode materials that
are connected through an external circuit. The oxidation is driven by the holes in the
(photo)anode, while the electrons travel from the photoanode through the external circuit
to the (photo)cathode, where the reduction reaction takes place. This configuration helps
to separate the photogenerated electron-hole pairs, reducing recombination. This process
is schematically represented in Figure 2-4. When a photoelectrochemical cell is utilized
to produce a fuel (e.g. hydrogen) from solar energy it can be referred as photosynthetic
cell. Similarly, when the photoelectrochemical cell is employed to produce electricity
from the photodegradation of substances, it can be defined as a photo-galvanic cell or
photo fuel cell [65]. In systems where wastewater compounds are being oxidized in a
PEC cell to generate Hz, depending on the thermodynamics of reaction, the system can
also produce electricity and therefore being a combination of both cells; not clearly
defined as one or the other. Moreover, a system without applied bias, where hydrogen is
produced by a flow of current, could also be considered a photo-galvanic cell or photo-

fuel cell.

Photoelectrochemical cells can be used with different configurations, i.e., semiconductor
photoanode with metallic cathode, semiconductor photocathode with metallic anode, or
photoanode with photocathode. These cells are driven by the potential difference between
the Fermi levels of the two electrodes. For a typical n-type semiconductor photoanode,
the Fermi level is close to the CB while for a typical p-type semiconductor photocathode
the Fermi level is close to the VB [66]. If the photoelectrochemical cell uses a dark anode
or cathode, these potentials are ideally dependent on the reaction oxidation and reduction
reaction potentials, respectively. If the reaction oxidation and reduction potentials have

the right positions with respect to the CB and VB, the cell produces electric power in open
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circuit voltage as in a photo fuel cell. When this is not the case, an external voltage can

be applied to drive the reactions.

With electrochemically assisted photocatalysis, an external electrical bias can be applied
to assist the reactions. This may allow the use of semiconductors photoanodes with more

positive CB potentials than the H"/Hz reaction and which would not drive HER purely

photocatalytically.
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Figure 2-5. Schematic representation of a photoelectrochemical cell, containing a
photoanode and a dark cathode, for the oxidation of a generic organic and Hz

production.
2. 3.2 Materials

Titanium dioxide is the most used photoanode material for H2 production from
wastewater compounds [67—70]. Other photoanode materials that have also been used for
H:2 production are tungsten trioxide, bismuth vanadate and hematite [71-73]. Concerning
the cathode material, platinum is widely used [67,68,74,75], while cuprous oxide is a

common choice for photocathode [70].
2.3.2.1 Photoanodes

Titanium dioxide (TiO3)

TiO2, is the most used semiconductor material for photoanodes. Its properties and
applications have been described in the previous section. When compared with other
photoanodes semiconductor materials as tungsten trioxide, bismuth vanadate or hematite,
titanium dioxide shows good charge transport properties and a very high hole diffusion

length, which is in the order of 10* nm [71]. However, TiO2 has one of the lowest
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theoretical solar-to-hydrogen (STH) conversion efficiency just accounting for around 2.2
%, due to its excitation being limited to the UV region [72]. One of the strategies studied
to improve activity and reduce recombination losses, is to synthesize one- or two-
dimensional nanostructures which increases the specific surface area and decreases
internal resistance. A very popular approach is the nano-engineering of TiO2 to form

either dispersed or aligned self-organised Titania nanotubes (TiNT) [76].

In 1999, Zwilling et al. reported the production of self-organized nanotube layers on Ti
substrate by electrochemical anodization using chromic acid electrolytes containing
fluorine ions. Since then, this method has been one of the most popular, due to its
simplicity and operability. Through the adjustment of operation parameters, as applied
potential, time, temperature, pH, and the composition of the electrolyte, it is possible to
control the nanostructure size, shape and degree of order [77]. Several studies have made
significant advancements in improving this method, and these developments are typically
categorized into generations [77]. Currently, the most widely employed method falls
under the third generation. In this process, polar organic electrolytes, primarily ethylene

glycol, are combined with water and a fluoride ion source such as NH4F.

Other used strategies to improve activity of TiOz include non-metal doping, co-catalyst

deposition, dye sensitization and coupled semiconductors as explained previously [12].
Tungsten trioxide (W0O3)

WOs is a popular metal oxide semiconductor used as photoanodes, extensively researched
applied to water splitting. WO3 can form five different crystalline phases: monoclinic I
(y-WOs3), monoclinic I (e-WO3), triclinic (6-WO3), orthorhombic (-WOs3) and tetragonal
(a-WOs3). Monoclinic I (y-WOs3) is the most used crystalline phase as photoanode, due to
its higher stability and performance [71,78]. WOs has a bandgap of 2.5-2.8 eV, absorbing
light in the visible range up to 500 nm which accounts for 12 % of the solar radiation on
earth surface [73]. Its theoretical STH conversion efficiency is around 4.8% [71], and it
has a modest hole diffusion length of around 150 nm [71]. Moreover, its conduction band
is positioned at positive potentials of around +0.4 V vs. NHE [13], therefore a bias is
necessary to drive the HER. A common strategy to enhance the performance of WOs3 is
the engineering of the morphology to produce nanostructures. These nanostructures can
provide higher surface area, providing more active sites for the reaction to take place, and

shorter paths for the holes to diffuse compared to bulk structures, reducing electron-hole
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recombination. Different WO3 nanostructure fabrication methods have been reported,
including the electrochemical anodization of tungsten foil, sol-gel, pulsed laser
deposition, chemical vapour deposition and hydrothermal synthesis [71]. Among all the
different methods, hydrothermal synthesis has been one of the most established,
producing 1-D nanostructures, e.g., nanoneedles, nanowires, nanorods and nanotubes.
The hydrothermally obtained WOs3 nanostructures have less grain boundaries and defects
when compared to bulk structures, reducing recombination of electron-hole pairs [79].
Other hydrothermally synthesized WOs structures are, 2-D nanostructures, e.g.,
nanoplates, nanosheets and nanoflakes. Similarly, to the 1-D nanostructures, the 2-D have
been reported to have more efficient and directional transfer of charges compared to the
bulk material, but a higher surface/volume ration when compared to 1-D nanostructures,

resulting in a further improved performance [80].

Other approaches to improve the activity of WOs include the enhancement of light
absorption with anion doping as C [81] or N [82], defect engineering based on oxygen
vacancies [83] or forming heterojunctions with other semiconductors as WO3/BiVOs or

WOs/TiOz2 [83,84].
Bismuth vanadate (BiV0Oy)

BiVOs4 is the most popular visible light absorption semiconductor used as photoanode, it
attracted interest for water-splitting applications. BiVO4 occurs in three polymorphs, from
which monoclinic scheelite is the one being used as photoanode. It has a bandgap of 2.4
eV, a high theoretical STH conversion efficiency of 9.1% [72] and its conduction band
potential is located slightly under than the HER potential [85]. However, it suffers from
an extensive electron-hole recombination and a low charge mobility, consequently a bias
is always necessary to obtain significant photocurrents [72]. In order to increase BiVOas
carrier concentration doping with elements as Mo or W have been studied [86,87]. Other
strategies to improve BiVOs activity include the loading of co-catalysts as Co-Pi [88] to
decrease the bias potential and help the oxidation reaction or the heterojunction with other
semiconductors as SnO3 or WO3 to have a more efficient electron-hole separation

[89,90].
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Hematite (a-Fe203)

a-Fe20s is considered a very promising metal oxide photoanode since it has a narrow
bandgap of around 2 eV, allowing to absorb light beyond 600 nm [72]. Therefore, its
maximum theoretical STH conversion efficiency is around 15% [15]. Moreover, a-Fe2O3
presents a good chemical stability, and it is inexpensive and abundant. Its conduction
band is situated at positive potentials of around 0.4 V vs NHE [15], therefore, it is
necessary to apply a bias to drive hydrogen production. Nevertheless, it has a very low
hole diffusion length of around 2-4 nm and a low electron mobility both factors limit its
performance [73]. Strategies to improve o-Fe203 conductivity and activity include,
doping with elements as W, Mo and Nb [91-93], loading of co-catalysts as Co-Pi or
Ni(OH)2 [68,94] or surface passivation with Al2O3[95].

2.3.2.2 Photocathodes

Contrary to the case of photoanodes, the choice of p-type materials for photocathodes is
limited due to their low stability in contact with the electrolyte [96]. Some strategies to
improve the performance of the photocathode include the use of protective layers that

improve stability and the deposition of co-catalysts to enhance the reduction ability [97—

99].

Cuprous oxide (Cu20), is a popular photocathode choice, it has a band gap of 2 eV and a
theoretical STH conversion efficiency of 18% [98]. Its conduction band is well positioned
for water reduction, around 0.7 V vs NHE more negative than hydrogen evolution
potential [18]. However, Cu20 reduction potentials are within its band gap, making it
possible for Cu20 to reduce to Cu, reducing its stability [100]. There are several research
studies that had improved its stability adding protective layers as ZnO [97]. Moreover,

co-catalysts as Pt had been added to enhance the reduction activity [98].

Copper based chalcogenide semiconductors have also been proposed as promising
photocathodes for hydrogen production [101]. One of them is CulnxGaixSe2 (CIGS)
which has a tuneable composition, with a band gap ranging from 1 eV to 1.7 eV and a
large absorption coefficient [99]. Their activity has been enhanced adding protective
layers and co-catalysts such as Pt [102]. However, CIGS include In and Ga which are
scarce and expensive elements. Another type of chalcogenide photocathode is Cu2ZnSnS4

(CZTS), which has earth abundant elemental constituents, high absorption coefficient and
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small band gap, however; it suffers from low long-term stability [103]. The research to
improve its activity has also focused into surface modification, adding protecting layers

as TiO2 and co-catalysts as Pt [99].
2.3.2.3 Dark cathode electrocatalysts

The selection of a cathode for hydrogen evolution reaction benefits from extensive
research in the electrochemistry field. HER involves the adsorption of a proton on the
electrocatalyst surface and the desorption of hydrogen. For this reason, following Sabatier
principle, the optimal catalytic activity will be achieved with a catalyst that achieves
intermediate binding energy between the substrate and the catalyst [104]. The catalyst
activity is as well dependent on the pH of the electrolyte, and in general, HER activities
in alkaline electrolyte are lower than in acid. Consequently, the majority of the research
is done in acid environment. For HER, the catalyst closer to the optimum intermediate
binding energy is Pt. Platinum has generally the best performance as hydrogen production
catalyst, it has a low overpotential and high reaction rates in acidic environment [74]. Pt
foil and wires, together with Pt supported carbon are the most common cathodes used in
the studies for Ha production from driven photoelectrochemical oxidation of substances

in wastewater.

Other catalysts with a good performance are Ru, Rh, Ir and Pd. However, all these noble
metal catalysts, together with Pt, have a high cost and they are scarce, which makes
challenging their large-scale application. Different approaches have been widely
researched to find electrocatalysts with low cost and good performance. Two strategies
that have been used to improve activity and reduce the cost of using noble metal catalysts
are nanostructuring the catalyst to achieve a large surface to volume ratio, and forming

alloys which reduce the catalyst loading [105,106].

Non-noble metal alloys have also been used for HER, Ni-based electrodes are preferred
cathodes for hydrogen production in basic environment as Ni-Mo [106]. Transition metals
chalcogenides as carbides and phosphides have also showed HER activity. Chalcogenides
as MoS2 showed activity for HER due to their sulphided Mo-edges with and overpotential
close to Pt [107]. Similarly, WS: also demonstrates HER activity [108] as well as their
seleneids forms MoSe2 and WSe: [109]. Tungsten carbides such as WC and W2C, exhibit
promising potential as HER catalysts [110]. Phosphides as CoP and Ni2P are among the

most HER active non-noble electrocatalysts [111,112]. Alternatively, non-metals
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electrocatalysts options have also been explored as heteroatom doped graphene

nanosheets [112] or carbon nitride [113].
2.3.2.4 Photoelectrode fabrication methods

Photoelectrodes can be fabricated in a single-step method, in which both synthesis and
immobilization on the conductive substrate occurs simultaneously. Alternatively, a two-
step method can be employed, where the material is first synthesized and subsequently
adhered to conductive substrate using an immobilization technique. In addition, after
either of these methods, the electrodes are usually annealed to improve substrate adhesion

or modify semiconductor properties.
Among the single-step fabrication methods, the most commonly reported are as follows:

- Inssitu hydrothermal synthesis. This method (previously explained in section 2.2.3
Photocatalyst fabrication methods) can also be used with the substrate being
placed in the reactor, resulting on the semiconductor being directly formed onto

the surface of the substrate [114].

- Electrochemical anodization. In this method the conductive substrate is used as
anode, being immersed into a specific electrolyte together with a cathode. When
a potential is applied oxide structures are produced on the surface of the

conductive substrate [115].

- Physical vapour deposition (PVD). In this method, the semiconductor material is
vaporized or sputtered in a vacuum chamber, with the vapor or particle being

transported and condensed in a substrate [116].

- Methods as CVD and ALD (previously described in section 2.2.3 Photocatalyst
fabrication methods), can be also employed to directly synthesize semiconductors

onto the flat conductive substrate [117].

Some of the most used synthesis methods for particulate semiconductors include
calcination, chemical precipitation, sol-gel, and hydrothermal, which have been described
in section 2. These loose nanoparticles can then be immobilized in the conductive

substrate, commonly used immobilization methods are as follows:
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- Dip coating. In this method the substrate is immersed in a solution containing the
semiconductor material at a controlled speed. As the substrate is withdrawn, a film

of material has adhered to its surface forming a coating [118].

- Spin coating. In this technique the substrate is placed onto a spinning platform
which rotates at high speeds. A liquid solution containing the semiconductor
material, is dropped at the centre of the substrate, with the centrifugal force

causing the liquid to spread outward, forming a thin and uniform layer [119].

- Doctor blading. In this process, a liquid solution containing the semiconductor
material is applied onto a substrate using a flat-edge blade. The thickness of the
obtained film is controlled by adjusting the gap between the blade and the
substrate [120].

- Spray coating. In this technique, a liquid solution containing the semiconductor
material is sprayed in the form of aerosol or fine mist using a nozzle or spray gun.

The small droplets land in the substrate where they adhere forming a coating [40].

- Electrophoretic deposition. In this method, the semiconductor particles are placed
in a liquid medium, referred to as electrolyte. The conductive substrate is also
immersed into the electrolyte and used as working electrode, together with a
counter electrode and reference electrode. When an electric field is applied, the
charged particles migrate towards the conductive substrate and deposit on the

surface [121].
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2.3.3 Photoelectrochemical cell design

There are several design factors that influence the overall performance of
photoelectrochemical cells. Among others, to produce hydrogen wastewater it is
necessary to consider the irradiation configuration, and the use of separated compartments

to avoid the need for gas separation following treatment.

Regarding the irradiation configuration of the photoelectrode, two main different
orientations can be used: back-face irradiation or front-face irradiation. In front-face
configuration, the light reaches semiconductor first, while for back-face irradiation, the
light hits the conductive substrate before reaching the semiconductor, therefore the
conductive substrate must be transparent. Most common substrates used are F-doped
SnO2 (FTO) and In-doped SnO:2 (ITO). These substrates have a relatively high
conductivity when compared to the semiconductor and large spectral transmission. In
addition to the consideration of the transparency of the conductive substrate, in the case
of front-face irradiation, the light absorption will happen close to surface of the
semiconductor. Since this process would occur near the semiconductor-liquid junction,
the hole diffusion length does not need to be very long, however, the electrons created at
the surface need to need to diffuse and reach the conductive substrate. In the case of back-
face irradiation, the opposite would be required, short diffusion length for electrons to
arrive to conductive substrate while holes need to diffuse through semiconductor, arriving
to the surface to and participate in oxidation reactions. For wastewater application, back-
face irradiation is preferred, avoiding optical interferences between the light and the

wastewater components [122].

To produce high purity hydrogen (as required by chemical standards) coupled to the
oxidation of wastewater compounds, the electrodes can be separated in two different
compartments. Thus, separating the H2 produced from other possible gases derived from
the oxidation of wastewater compounds. The anolyte and catholyte compartments are
often separated by ion-exchange membranes but other separators as glass frits have also
been explored [123]. Most studies are performed using small volume (i.e. <100 mL) and
one compartment reactors. Alternatively, in other studies, an H-type reactor is employed,
where the anolyte and catholyte compartments are separated by a membrane [124,125].
In addition, it has also been proven the possibility of using a filter-press reactor operated

in batch recirculation mode [126].
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2.3.4 Efficiency

When evaluating the performance of photoelectrochemical cells, the external quantum
efficiency is also referred as Incident Photon to Current Efficiency (IPCE), and the
number of successful events can be evaluated by the photo-electrical current generated.
This expression is given in (2-6), where A is the wavelength of irradiation in nm, J is the
photocurrent density given in mA c¢cm™, P is the photon flux in mW cm at a particular A,

h is Plank’s constant and c is the speed of light in vacuum [66].

J - he (2-6)
1P

EQE(A) = IPCE(A) = —&. —
D

Moreover, when evaluating the performance of photoelectrochemical cells, nstu can also
be determined from the photocurrent density generated. This expression is shown in (2-7)
where J is the photocurrent density given in mA cm™, V is the required potential in V
derived from Gibbs free energy, nris the HER faradaic efficiency and P is the light power
in mW cm™ measured with a light source with a spectrum equal to air mass global (AM)
1.5 [64]. It is important to note that J needs to be measured between the working and
counter electrode in a 2 electrode PEC cell configuration. No bias potential should be
applied in the evaluation of nstn. Whenever a bias potential is applied between working
and counter electrode to drive the reaction, the Applied Bias Photon to Current
Conversion Efficiency (ABPE) can be derived, as shown in (2-8) [64]. In this expression

Vhias is the applied voltage in V, which is subtracted from the required potential derived

from Gibbs energy.
[] V- nf] (2-7)
NstH = —p
AM 1.5G
(V= Vyias) - 2-8
ABPEZl] ( Pbtas) nf] ( )
AM 1.5G

For wastewater treatment applications, an UV source is commonly used as opposed to
solar irradiation; therefore, the power coming from the sun should be replaced by the

power of the UV source.
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2.4 Wastewater treatment coupled to hydrogen production

Wastewater includes every water stream that has been polluted by human utilization,
therefore, its chemical composition varies greatly depending on its origin. Domestic
wastewater, which derives from urban areas, is generally rich in microorganism, organic
materials, metals, and nutrients as phosphorous or nitrogen [127]. These effluents are
usually treated at municipal wastewater treatment plants. On the contrary, industrial
effluents are diverse, being originated by very different processes. Some industrial
wastewaters have a similar chemical composition than domestic wastewater and can be
treated in urban wastewater treatment plants, while other industrial effluents contain
substances that need a specific and complex treatment process, as persistent organics,
antibiotics or metals [128]. Finally, agricultural activities generate wastewater with a high
content of nitrogen compounds, due to excessive use of fertilizers and intensive farming

[129], although agricultural wastewater normally cannot be collected and treated.

These wastewaters, originated by human activities, need to be treated to avoid pollution
and protect the ecosystems. Therefore, coupling the production of hydrogen with the
removal of pollutants represents a promising option to recover energy from wastewater
and at the same time managing the water pollution issue. This section describes the studies
that produced hydrogen coupled to the degradation of wastewater compounds, including

the materials used and the possible mechanisms.

Compounds are categorized into three groups. The first group comprises nitrogen
compounds, which are the main of focus in this thesis. The second group, labelled as
organic compounds, encompasses commonly studied compounds that have been linked
to hydrogen production. These compounds include saccharides, phenolic compounds,
alcohols, organic acids, and aldehydes. Lastly, the third category covers the generation of
hydrogen from wastewater mixtures, as oil mill wastewater, juice production wastewater

and sludge from wastewater treatment plants.
2.4.1 Nitrogen compounds

Ammonia and urea, along with nitrates and nitrites, contribute to nitrogen pollution.
Nitrogen pollution of water has deleterious effects including eutrophication and toxicity
to the organisms living in the water body. The hazardous concentration of nitrogen in

wastewater originates from diverse sources, as intensive farming and excessive fertilizer
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use [129]. Additionally, high nitrogen concentrations can also be found in either domestic
and municipal sewage sludge and in wastewater from some industries [130]. Among the
nitrogen compounds, both ammonia and urea exhibit significant hydrogen weight content
(Wt%). Ammonia contains 17.6% of hydrogen, while urea contains 6.7%. This substantial
hydrogen content makes their oxidation and subsequent Hz production an appealing

process.
2.4.1.1 Ammonia

In water, un-ionized ammonia (NH3) exists in pH dependent equilibrium with ionized
ammonium (NH4"), having a pKa 0f 9.25, when the pH is lower than the pKa, NH4" is the
major form and when the pH is higher than the pKa is NH3 the major form. Therefore,
one of the research focuses has been to determine which of the forms would have a higher

photocatalytic oxidation rate.

Several studies have revealed that ammonia in neutral form presents better oxidation rates
compared to ionized ammonium [19,131,132]. Nemoto et al. investigated the pH effect
in the photocatalytic ammonia oxidation, testing a pH range from 0.68 to 13.7 [19]. The
study reports that the evolution of gaseous products (N2 and H2) increased between the
pH 9 and 10 and peaked at pH around 11, due to higher oxidation rates with neutral
ammonia. Zhu et al. reported how the oxidation rates obtained were proportional to the
initial concentration of NH3 and not the total content of NH3 and NH4" [131]. From this
study, it was concluded that high oxidation rates are obtained when ammonia is in neutral
form, even if better photocatalytic activity could be expected with positively ionized NH4"
and a negative photocatalyst surface charge, which occurs when the pH is higher than the
photocatalyst point of zero charge and lower than the ammonium pKa. Wang et al.
compared the photocatalytic activity in acidic, basic and neutral environment using g-
CsN4 as photocatalyst and reported higher rate of photocatalytic ammonia oxidation in

basic solutions [132].

Feng et al. studied the photocatalytic oxidation of ammonia using Cu loaded into TiO2
[133]. The research reported N2, NO>™ and NO3™ as products from the oxidation of NH3,
with hydroxyl radicals identified as the main oxidizing species. Additionally, the study
proposed O+~ as the major oxidant influencing N2 production, while h* was suggested to

be responsible for the conversion of NHs to NOs'.
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The most studied photocatalyst for ammonia oxidation has been TiO2 [19,134-136],
covering how the co-catalyst material affects the activity and product selectivity [19,134—
136] and determining the possible reaction mechanism on Hz production from ammonia
decomposition [135]. Nemoto et al. compared the activity of TiO2 loaded with RuO2, Pt
and both RuO2 and Pt as co-catalysts for photocatalytic ammonia oxidation and hydrogen
production [19]. The results showed that the N2 gas produced was similar for all the co-
catalysts; however, the H2 production varied significantly. The photocatalyst loaded with
Pt achieved the highest H2 production and an external quantum yield of 5.1 % at 340 nm,
while the system with both co-catalysts produced a small amount of H2. The system
loaded with RuO2 did not produce any Hz, showing that RuO: cannot reduce protons to

form hydrogen.

Altomare and Selli studied how the conversion and selectivity of ammonia oxidation to
N2 would be affected by the deposition of noble metals (Pt, Pd, Au and Ag) on the TiO2
photocatalyst [134]. The experiments showed that all the metal-modified photocatalysts
had better catalytic performance that the bare TiO2, with the exception of Au/TiO2. The
loaded photocatalyst that showed higher ammonia removal was Ag/TiO2 and the one that
showed better selectivity towards N2 was Pd/TiO2. This latter study did not link the

oxidation of ammonia to H> production.

Yuzawa et al. studied the mechanism of decomposition of ammonia to produce dinitrogen
and hydrogen using TiO2 photocatalyst loaded with Pt, Rh, Pd, Au, Ni and Cu [135]. Pt
presented the best activity with high production rate of H2 and N2 and Cu the worse. The
study concluded that the metal with larger work function would easily accept the photo-
excited electrons to produce hydrogen. The mechanism proposed consisted in the
predominant adsorption of ammonia to the Lewis acid site and some to the hydroxyl
groups in TiO2. The TiO: is irradiated generating holes and electrons, where the holes
migrate to the surface and the electrons to the Pt site. The photogenerated holes oxidize
the adsorbed NH3 to form amide radicals and protons, while the amide radicals can
produce hydrazine. The hydrazine could produce diazene that would be decomposed to
form N2 and Hz. The photogenerated electrons reduce the protons to form hydrogen in Pt

[135]. This mechanism is represented in Figure 2-6.

Shiraishi ef al. investigated the photocatalytic hydrogen production from ammonia using

TiO2 loaded with Au and Pt [136]. Pt-Au/TiO2 showed a growth in hydrogen production
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rate compared to Pt/TiOz, suggesting that alloying Au to Pt resulted in a decrease of the
Schottky barrier height at the interface between metal and TiO2. The catalyst with the
highest H2 production rates consisted in a homogeneous mixture of 10 % mol of Au and

90 % mol of Pt loaded on TiOx.
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Figure 2-6. Suggested mechanism for photocatalytic ammonia degradation using Pt

loaded on TiOz. Figure reproduced from [135].

Photocatalytic ammonia oxidation has also been reported using metal free photocatalyst.
Wang et al. used an atomic single layer g-C3N4 as photocatalyst, achieving an ammonia
removal of 80% of the initial concentration [132]. Both hydroxyl radicals and
photogenerated holes were suggested to be responsible for the ammonia oxidation; in this

study ammonia oxidation was not coupled to Hz production.

The number of research articles reported on ammonia oxidation using
photoelectrochemical cells is much less than compared to photocatalysis [67,137]. Wang
et al. used highly ordered TiO2 nanotube arrays as a photoanode and Pt foil as cathode
[137], reporting an ammonia removal of 99.9% under an applied bias of 1.0 V (not
coupled to H2 production). Kaneko et al. used nanoporous TiO:2 film as photoanode,

formed by P25 deposited on FTO glass and a Pt foil as a cathode [67]. The experiments
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showed a 150 pA cm™ photocurrent and a production of 194 ml of Hz and 63 ml of N>
after 2 hours with no bias applied under a pH of 14.1.

2.4.1.2 Urea

Some studies have investigated the photocatalytic oxidation of urea using TiO2 [138—
140]. Pelizzetti et al. proposed a mechanism for the photocatalytic oxidation of urea using
TiO2, where one of the amino groups of urea undergoes an initial conversion to a nitroso
group, followed by a transformation into a nitro group mediated by *OH radicals [138].
Afterwards, the nitroformamide undergoes hydrolysis, liberating NO2™ ions, which are
rapidly converted into NO3™ by *OH [141]. The residual carbamic acid, existing as a
zwitterion, can undergo two distinct oxidation pathways. One of the possible pathways
involves the oxidation to CO2 and NH20H by *OH radicals, subsequently, NH2OH
undergoes further oxidation by *OH to form NO: and NOs". The alternative pathway
entails the simultaneous *OH and e attacks, decomposing the carbamic acid into HCO3"
and NH3. The molar ratio of NO3™ to NH4" serves as an indicator of the favoured reactions.
This mechanism is shown in Figure 2-7. Previous studies on the photocatalytic

degradation of urea using TiO2 have reported NO3/NH4" ratios of 2 [139] and 1.9 [140].
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Figure 2-7. Proposed mechanism for photocatalytic oxidation of urea using TiOx.

Figure reproduced from [140].
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Bahmani et al. reported the synthesis of a photocatalyst formed by UiO-66(Zr/Ti)-NF
decorated with Fe304/WO3 core-shell for the oxidation of urea [142]. The product
analysis confirmed the production of NO3™ and NH4".

Kim et al. investigated the effect of dual surface photocatalyst modification in the
production of hydrogen and oxidation of urea [20]. TiO2 modified with both a noble
metal, Pt, and an anion adsorbate [20]. The results showed that F-TiO2/Pt achieved higher
H> production rates than Pt/TiO2, besides, F-TiO2 did now show any H2 production,
highlighting the combined effect of surface anions and metal deposits to reduce charge
recombination and improve electron transfer. Moreover, the effect of other anions as CI',
ClO™ and Br” was studied, resulting in only F" to have an enhancement effect, Cl and C10
had no effect and Br inhibited the hydrogen production. These results were explained by
the surface complexation among acidic Ti(IV) sites and basic anions, which is dependent
on the hardness of the anions, being only F~ the one that has higher hardness than OH".
Furthermore, experiments with deuterated urea were performed, showing than H:

production comes mainly from water molecules while urea acts as an electron donor.

Luo et al. reported the production of hydrogen coupled to oxidation of urea using CdS.O
NPs conjugated with sulphurous groups [143]. The study achieved an EQE of 2.4 % at
420 nm.

Wang et al. studied the feasibility of hydrogen production driven by urea or urine
oxidation in a photoelectrochemical cell [68]. In this work, the suitability of two
photoanodes was studied, TiO2 nanowires and a-FexO3 nanowires, both loaded with
Ni(OH): as urea oxidation co-catalyst. Pt was used as counter electrode. The viability of
solar driven urea oxidation with Ni/Ti02 as photoanode was reported using an unbiased
cell, producing a current density of 0.35 mA cm™. Moreover, the feasibility of using
directly urine was also studied, resulting in comparable results to urea, highlighting the
possibility of driving the production of hydrogen with the oxidation of urine. The effect
of loading a-Fe203 with Ni(OH)2 was studied, showing a negative shift in the onset
potential of 400 mV, suggesting that Ni(OH): is an efficient catalyst for urea oxidation.
However, the use of a-Fe:03 as photoanode required an external bias due to the low
position of its conduction band. Xu et al. investigated as well the role of Ni(OH)2 as a co-
catalyst in the photoelectrochemical oxidation of urea, not coupled to the production of

hydrogen [144], by using a photoanode formed by Ti-doped a-Fe:O3 and loaded with
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Ni(OH)z. The addition of Ni(OH)2 reduced the onset potential by 100 mV and increased
the photocurrent density by 4 times, showing the enhanced effect of the use of Ni(OH)2

as urea oxidation co-catalyst.

Pop et al. focused their study on the comparison of the hydrogen production rates driven
by oxidation of three nitrogen compounds found in wastewater: ammonia, urea and
formamide [69]. The cell configuration combined a nanoparticulate TiO2 photoanode and
a mixture of carbon paste dispersing platinum nanoparticles as cathode in the same
electrode. This configuration was unbiased and used under UV illumination. The detected
hydrogen production after 4 hours was about 30, 140 and 240 pmol in presence of
ammonia, formamide and urea, respectively. From these results, urea proved to be the
best choice for photoelectrochemical hydrogen production. Additionally, a cell
configuration with a separated photoanode and cathode, applying 0.5 V bias was also
tested. The results from the two configurations were compared after 50 min, in which the
biased configuration reported a H> production rate of 2.7 pumol min™' while the unbiased
configuration reported a rate of 1.4 pumol min!, highlighting the improved charge

separation induced by the use of a bias.

Recently, some studies have reported the use of novel materials for the production of
hydrogen in the presence of urea [145—-147]. Bezboruah ef al. reported the production of
H> with urea present in the electrolyte [145], using Ni-TiO2/p-NDIHBT photoanode and
a Pt cathode. For this study, one compartment cell was used achieving a STH of 0.34 %
with a 0.5 M KOH electrolyte. Tao ef al. investigated the oxidation of urea coupled to H2
production using La-Ni-based perovskites photoanode and a Pt cathode [146]. This study
reported the use of a H-cell reactor and an electrolyte with 1 M KOH, generating 120
umol cm™ h'!. In a different study, Tao et al. reported the production of hydrogen with a
rate of 200 umol h! using a Niz2P clusters sensitized TiO2 nanotube arrays photoanode
and a Pt cathode [147]. This study identified NO3™ and N2 as products using an electrolyte
containing 1 M KOH. However, in these studies, the performance of these materials was
studied at alkaline pH (13-14) [145-147], which if applied to wastewater, it would involve

an additional treatment step to modify the wastewater pH.
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Table 2-1. Summary of the materials used in the photocatalytic oxidation of ammonia

or urea and Ha production.

Waste Photocatalyst Co- Maximum pH H: Reference
Catalyst Efficiency (%) production
Ammonia TiO; Cu - 10 No [133]
TiO, - - 2- No [131]
10
TiO; Ptor RuO, EQEgsmm=5.1 2- Yes [19]
14
TiO, Pt, Rh, Pd, - 14 Yes [135]
Au, Ni or
Cu
TiO, Pt-Au - 11 Yes [136]
g-C3Ny - - 11 No [132]
Urea F-TiO, Pt - 4- Yes [20]
10
CdS - EQEw@wonm=2.4 7 Yes [143]
TiO» = = 5 No [138]
TiO, - - 6 No [140]
UiO-66(Zr)- - - 7 No [142]
NFs/Fe304@WO0O3

Table 2-2. Summary of the materials used in the Hz production from degradation of

ammonia or urea compounds using photoelectrochemical cells.

Waste Photoanode (Photo) Maximum pH H: Reference
Cathode  Efficiency production
(%)
Ammonia TiO; Pt - 1- Yes [67]
12
TiO, Pt/C - 13 Yes [69]
Urea Ni(OH); loaded on Pt - 14 Yes [68]
TiO; or a-Fe;03
Ti0, Pt/C - 13 Yes [69]
Ni-TiOo/p-NDIHBT Pt STH=0.34 14 Yes [145]
NHs
La-Ni-based Pt - 14 Yes [146]
perovskites
NiP/TiNT Pt - 14 Yes [147]
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2.4.2 Organic compounds
2.4.2.1 Saccharides

Different saccharides compounds can be found wastewater; among them, cellulose is
commonly found in domestic wastewater and effluents from industries as the paper

industry [148].

Kawai and Sakata demonstrated the feasibility of producing hydrogen from Saccharides
(C6H1206)n, as saccharose (n=2), starch (n = 100) and cellulose (n = 1000 to 5000), using
a photocatalyst formed by RuO2/TiO2/Pt. A quantum yield of 1 % at 380 nm was reported
for cellulose in 6 M NaOH [149]. Moreover, Kondarides et al. studied the hydrogen
production from the photocatalytic reforming of several compounds including cellulose
using an Pt/Ti0O2 photocatalyst, proving the potential of cellulose for H2 production [21].
Speltini ef al. investigated the photocatalytic hydrogen production from cellulose using a
Pt/TiO2 photocatalyst [150]. The study showed higher H2 production rates with neutral
pH and reported a H2 production of 54 pmol under UV-A irradiation. A degradation
mechanism was also reported suggesting that cellulose depolymerizes and converts into
glucose and other water-soluble products. Caravaca et al. researched the photocatalytic
H: production from cellulose using different metals as co-catalysts loaded in TiOz. The
H:z production was reported highest with Pd and lowest with Ni and Au, following the
trend Pd > Pt > Ni ~ Au [151]. Even the H2 production using Ni as co-catalyst was lower
compared to the noble metals Pd and Pt, it was in the same magnitude, highlighting the
possibility of using a no noble metal as co-catalyst. Moreover, the study suggested the
possibility of the hydrolysis of cellulose taking place during photo-irradiation to produce

glucose, which could follow different pathways to produce hydrogen.

The photoreforming of glucose, which is proposed to be an intermediate in the cellulose
photoreforming process has been reported in several studies [21,22,152—-154]. Kondarides
et al. studied the hydrogen production from the photocatalytic reforming glucose using
an Pt/TiO2 photocatalyst, reporting an external quantum efficiency of 63 % at 365 nm
[21]. Fu et al. studied the effect of different parameters as pH and co-catalyst material
and proposed a mechanism for the hydrogen production from photocatalytic reforming of
glucose using a metal loaded photocatalyst [22]. The study reported the effect of different
co-catalysts loaded in TiO2, showing all of them a better activity than the bare TiO2; the

best activity was obtained using Pd and Pt and the worse with Ru and Au, following the
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trend Pd > Pt > Au = Rh > Ag = Ru. Moreover, the variation of pH over a wide range
resulted in an increasing Hz production rate with increasing pH, with a plateau region
from pH 5 to 9 and maximum peak at pH 11. The pKa of glucose is around 12.3; therefore,
higher rates of glucose oxidation are produced with glucose in its neutralform. In the
proposed mechanism, the glucose is adsorbed preferentially in the uncoordinated Ti
atoms through its hydroxyl group; it dissociates and then it is oxidized by a
photogenerated hole. The radicals generated attack other glucose molecules, forming R-
CHOH, which are deprotonated and further oxidized to [R-COOH]" by the radical *OH.
Lastly, [R-COOH] species are photo-oxidized by a hole to generate CO2 via a photo-
Kolbe reaction [22]. This mechanism is presented in Figure 2-8. Chong et al. investigated
the glucose photoreforming mechanism using Rh/TiO:2 photocatalyst, reporting the
production of arabinose, erythrose, glyceraldehyde, gluconic acid and formic acid
(together with CO and COz2 gas) [152]. In the suggested mechanism, glucose is oxidised
into arabinose, then further oxidised into erythrose and ultimately into glyceraldehyde.
These oxidation reactions take place through *OH radicals, which leads to the generation
of formic acid and hydrogen. Subsequently, formic acid is converted into CO or COx.
Imizcoz and Puga studied photocatalytic hydrogen production from glucose using TiO2
loaded with different metals as Au, Ag, Pt and Cu [153]. The study reported a catalyst
efficiency following the trend Pt>Au>Cu>Ag, without significative differences between
Cu and Au, proposing Cu as an inexpensive co-catalyst for hydrogen production.
Bahadori et al. researched the hydrogen production from glucose photoreforming using
CuO or NiO loaded TiO2 as photocatalyst [154]. The highest hydrogen production yield
reported was 9.7 mol gea! h™! using 1 wt% CuO on P25.

Other semiconductor materials as WO3 and a-Fe203 have also been studied using a
photoelectrochemical cell for hydrogen production from photoreforming of glucose.
Esposito ef al. reported how a thin film WO3 photoanode presented a good photocatalytic
activity for Hz production from glucose photoreforming using a tandem cell device [155].
Wang et al. investigated the possibility of using Ni(OH)2 as co-catalyst for glucose
oxidation (not coupled to H2 production) in a photoelectrochemical cell, reporting an

increased activity for Ni(OH)2 loaded in a-Fe203 [75].
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Figure 2-8. Proposed mechanism for photoreforming of glucose on Pt loaded TiOx.

Figure reproduced from [22].
2.4.2.2 Phenolic compounds

Phenolic compounds are found in significant quantities in wastewater from effluents of
several industries as oil refining, petrochemicals, resin manufacturing and pulp, but also
in agricultural and domestic wastewaters [128,156]. Phenolic compounds are considered
toxic and its discharge without treatment produces harmful effects in the aquatic systems
[157]. The photocatalytic degradation of phenolic compounds has been widely studied
[158]. However, only few cases coupled the photocatalytic oxidation of phenolic
compound to Hz production [20,23,29,70,159-161], demonstrating the feasibility of this

process.

Hashimoto et al. investigated the photocatalytic H2 production in presence of different
aliphatic and aromatic compounds with suspended Pt/TiO2 [23], demonstrating the
production of hydrogen in presence of phenol. Moreover, the study showed an increased
rate of H2 production in presence of phenol in alkaline conditions over acidic conditions.
Languer et al. reported that the photocatalytic phenol degradation over TiO2 nanotubes
produced hydrogen at a rate of about 0.06 umol h™' cm™[160]. Kim et al. demonstrated
the feasibility of hydrogen production coupled to photocatalytic degradation of 4-
chlorophenol [20]. The study involved the activity comparison of the following
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photocatalysts: TiO2/Pt, F-TiO2/Pt and P-TiO2/Pt. The highest H2 production rate was
obtained with F-Ti02/Pt and the lowest with TiO2/Pt. However, the good activity of F-
TiO2/Pt was limited to acidic region since the fluorides desorb at the alkaline region. P-
TiO2/Pt had higher Hz production range than TiO2 for all the pH range. Lv ef al. used S
doped two-dimensional g-C3N4 for the photocatalytic hydrogen production from phenol,
achieving a Hz production rate of 127.4 umol/h and an external quantum efficiency of

8.35 % at 400 nm [29].

In photoelectrochemical cells, several photoanodes materials have been tested. Wu et al.
studied the effect of the photoanode and photocathode materials on the voltage and
current generated in the phenol degradation and hydrogen production [70]. Different
photoanode and photocathode nanostructures, as nanorods (NRs), nanoparticles (NPs)
and nanowires (NWAs) were tested from TiO2, CdS, CdSe and Cu20. It was
demonstrated that the open circuit voltage depends not only on the Fermi level between
the photoelectrodes, but also on crystal facet for the same semiconductor materials with
different microstructures. The best phenol removal efficiency was achieved with the
combination of the photoanode TiO2 NRs/FTO-C/Cu20 and the photocathode C/Cu20
NWASs/Cu. This combination reached a phenol removal rate of 84.2 % and an overall
hydrogen production rate of 86.8 pmol cm™ in 8 hours. Park e al. demonstrated the
feasibility of hydrogen production driven by the photoelectrochemical degradation of
phenol using improved multi-layered BiO,-Ti02/Ti electrodes [159]. The electrodes were
formed by an under layer of TaO,—IrO,, a middle layer of BiO,—SnOz, and an upper layer
of BiO,—TiO2 which covered on both sides of Ti foil. The study showed that bismuth
doping, even at high concentration, increased TiO2 conductivity, while preserving the
original photoelectrochemical properties. Li et al. studied the photoelectrocatalytic
hydrogen production in presence of phenol using Bi/BiVOs4 as photoanode [161]. The
study reported a hydrogen production rate of 27.8 pmol cm™ h™!.

2.4.2.3 Alcohols

Although alcohols are not expected to be abundant and common substances in municipal
wastewater, they may be present in some industrial wastewater [162]. The production of
H> from photocatalytic oxidation of alcohols has been extensively studied, mainly

methanol, ethanol, and glycerol oxidation.
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Kawai and Sakata demonstrated the feasibility of producing hydrogen by photoreforming
of methanol [163]. The study reports the highest H2 production rate Pt and an apparent
quantum yield of 44 % at 380 nm with a photocatalyst formed by RuO2/TiO2/Pt. In the
proposed reaction mechanism, methanol forms an intermediate, formaldehyde, which
further oxidises to formic acid and finally decomposes to CO2 and Ha. Chiarello et al.
studied the effect of loading different noble metal co-catalysts to a TiO2 photocatalyst in
the photoreforming of methanol [164]. Among the investigated co-catalysts (Ag, Au and
Pt), Pt showed the highest hydrogen production rate. Moreover, Naldoni et al. studied the
difference between loading TiO: photocatalyst with Au or Pt, concluding that
photogenerated electrons are more easily transferred to the Pt nanoparticles to reduce
protons, than to Au [165]. Chen et al. studied the mechanism of the photocatalytic
reaction of methanol for hydrogen production on Pt/TiO2[166]. The proposed mechanism
(Figure 2-9) involves the formation of H2 on Pt sites, in which the proton transfer to the
Pt sites is mediated by the adsorbed water and methanol molecules. Most of the protons
that form H> in the Pt sites come from water and not methanol. The study demonstrates
that the surface species of CH20, CH200 and HCOO were formed. Moreover, an increase
in Pt loading generated a decrease on methanol adsorption, which suggest that Pt atoms
occupy sites for methanol adsorption [166]. Ismael studied the use of a Ru doped TiO:2
photocatalyst for the hydrogen production from methanol, reporting an enhancement on
the activity due to the decrease in the band gap and a larger surface area. The highest
activity was reported doping with of 0.1 % mol of Ru. In another study, Chen et al.
reported the possibility of using a low cost photocatalyst formed by carbon coated
Cu/Ti02 (C/Cu/Ti02) for hydrogen production from methanol [167]. This photocatalyst
produced a Hz yield of 269.1 umol h™! which is comparable to 290.8 umol h™', the yield
produced with Pt/TiOx.

Liu et al. investigated the interaction between CuOx-TiO2 and its effect on the
photocatalytic production of hydrogen from methanol [168]. The highest H2 production
was reported with CuOx/T102-{0 0 1}which has the highest Cu20 dispersion and strongest
interaction. Jiménez-Rangel et al. study the performance of g-C3sN4/NiOOH/Ag as
photocatalyst for the photoreforming of methanol, obtaining a maximum H> yield of
350.6 umol/h. The hydrogen yield of the combined g-C3N4/NiOOH/Ag photocatalyst
resulted significantly higher compared to the yield of g-C3Na, g-C3N4/NiOOH or g-
C3Na/Ag alone [30]. Hojamberdiev ef al. studied the use of a photocatalyst composed of
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g-C3N4 Ni(OH)2 and halloysite nanotubes for the production of hydrogen from methanol
[169]. This photocatalyst presented a higher Hz production rate (18.42 pmol h') than g-
C3N4/Ni(OH)2 (9.12 umol h') or g-C3N4 (0.43 pmol h''). This enhancement was
attributed to charge separation being the holes trapped by the halloysite nanotubes and
the electrons transferred to Ni(OH)o.

H* transfer
1/2H, HH,D mediated by
H,0(a) or CH,OH(a) %

O vacancy: [ ] CH;0H(a): ‘ H* from methanol: H.*

Pt particle: . H,0(a): » H* from water: H,*

Figure 2-9. Proposed mechanism for the photoreforming of methanol on Pt loaded

TiO2. Figure reproduced from [166].

Ethanol has been extensively studied as a sacrificial agent for H2 production
[21,27,28,170-176]. Kawai and Sakata studied the photocatalytic production of hydrogen
from ethanol [170]. The study reports the production of hydrogen, methane, and
acetaldehyde. Moreover, different co-catalyst loaded in TiO2 were studied as Ni, Pd, Pt
and Rh, being Pt the one with the highest H2 production rate and with a reported external
quantum yield of 38 % at 380 nm. Kondarides et al. studied the hydrogen production
from the photocatalytic reforming of ethanol with an Pt/TiO2 photocatalyst, reporting an
external quantum efficiency of 50 % at 365 nm [21]. Yang et al. researched the
photocatalytic production of hydrogen from ethanol using metal loaded TiO: as
photocatalyst and compared it to the H2 production from other alcohols [171]. Pt and Pd
presented higher H2 production rates than Rh. Moreover, it was suggested that the
hydrogen production over Pt/Ti02 is governed by the solvation of the alcohol, following
the H2 production the following trend: methanol = ethanol > propanol = Isopropanol > n-
butanol. Sola et al. investigated the effect of the morphology and structure of Pt/TiO2
photocatalysts on the hydrogen production from ethanol [172]. The study showed an
improved performance for the Pt/TiO2 photocatalysts with higher surface area and lower

pore size. The best performing photocatalyst was found to be Pt/TiO2 with an average
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pore size of 29.1 nm and a surface area of 51 m? g’!, reporting an apparent quantum yield
of 5.14%. Acetic acid, 2-3 butanediol and acetaldehyde were the main products in the
liquid phase, finding a higher concentration of 2-3 butanediol with lower pore size. Puga
et al. studied the hydrogen production from photocatalytic ethanol oxidation over
Au/TiO2, obtaining as main products acetaldehyde in the liquid phase and Hz in the gas
phase with a volumetric proportion of 99%, while the other gaseous product detected

were CHa, C2H4, C2Hg, CO and CO2[173].

Deas et al. used Au loaded on TiO2 nanoflowers as photocatalyst for hydrogen production
from ethanol, reporting a hydrogen production rate of 24.3 mmol g ' h!, compared to
only 12.1 mmol g ! h™! obtained with Au/P25 [174]. This enhancement was ascribed to
the thin and crystalline anatase sheets of the nanoflower petals which reduce the bulk
recombination. Pajares et al. investigated the use of WC as TiO2 co-catalyst for the
photocatalytic hydrogen production from ethanol, reporting an enhancement of 40% the
H: yield compared to P25 [175]. Zhang et al. investigated the effect of Ti*" defects of
Au/TiOz2 on the hydrogen production from ethanol [176]. The study reported an increased
activity with higher defects, concluding that oxygen vacancies on TiO: rich in defects,
facilitates the adsorption of ethanol and hole transfer. Ryu er al. studied the
photoreforming of ethanol using CdS attached on microporous and mesoporous silicas as
photocatalyst. The study suggests that the photoactivity was dependent on the silica cavity
size, which partially controls the CdS particle size [27]. Cebada et al. studied the use of
Ni/CdS as photocatalyst for the hydrogen production from ethanol, proving that higher

Ni content resulted in increased hydrogen production [28].

Antoniadou et al. studied the hydrogen production from ethanol using a
photoelectrochemical cell chemically biased [177]. The cell had two compartments, with
a TiOz photoanode in an acidic electrolyte compartment and a Pt cathode in alkaline
electrolyte compartment. The study reported an IPCE of 96 % at 360 nm and proved that
the photoreforming of ethanol is more efficient than photocatalytic water splitting.
Adamopoulos et al. investigated the effect of adding a top layer of TiO2to a
WOs photoanode in the hydrogen production from ethanol using a biased
photoelectrochemical cell [178]. Carbon black loaded on carbon paper was used as
cathode. Increased current density and hydrogen production were reported when using
the TiO2/WOs bilayer photoanode; this improvement was ascribed to the lower number

of recombination sites.
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H> production from photoreforming of glycerol has also been widely studied [21,179—
184]. Kondarides et al. studied the hydrogen production from the photocatalytic
reforming of glycerol, reporting an external quantum efficiency higher than 70 % at 365
nm with a Pt/TiO2 photocatalyst and 1 M of glycerol [21]. Fu ef al. studied the mechanism
of photoreforming polyols as glycerol using a Pt/TiO2 photocatalyst, proposing that just
the H atoms connected to hydroxyl C atoms can form H2 while the C atoms are oxidized
to CO2 [179]. For non-OH bonded C atoms, the bond H and C atoms form products in the
form of alkanes as CH4 or C2Hs. Bowker ef al. investigated the photocatalytic reforming
of glycerol using Pd and Au modified TiO2 and proposed a possible mechanism [180].
Hydrogen production rate from Pd was four times larger than the one of Au. The
mechanism suggests that Hz is produced through the dissociation of adsorbed glycerol
molecules with the associated production of CO, when using Pd/TiOz. Subsequently, the
CO reacts with oxygen radical at the metal surface to produce COz2 freeing sites. Montini
et al. studied the hydrogen production from glycerol using Cu/TiO2 photocatalyst [181].
Hydrogen and carbon dioxide were the main products in gas phase, and 1,3-
dihydroxypropanone and hydroxyacetaldehyde in liquid phase. Moreover, Chen et al.
reported a quantum efficiency of 24.9% at 365 nm and hydrogen production rate of 17.6
mmol g! h! from glycerol using Cu/TiO2 as photocatalyst [182]. Daskalaki and
Kondarides studied the hydrogen production from photoreforming of glycerol over
Pt/T102, reporting H2 and CO:z as the only products in gas phase and methanol and acetic
acid as intermediates in liquid phase [183]. Naffati et al. reported a hydrogen production
rate of 2091 umol g!' from glycerol using a photocatalyst consisting of TiO2 loaded with
Pt and carbon nanotubes (CNT) [184].

Hydrogen production from glycerol has been also demonstrated using
photoelectrochemical cells using a TiO2 photoanode [185], or a TiO2 photoanode

functionalized with CdS [186].
2.4.2.4 Organic acids and aldehydes

Other compounds that can be part of the organic waste contained in wastewater are
organic acids and aldehydes [187,188]. Patsoura et al. studied the hydrogen production
and simultaneous degradation of formic acid, acetic acid and acetaldehyde over a Pt/TiO2
photocatalyst [189]. The study reported a hydrogen production after 20 hours of 183.2

umol from acetic acid and 72.5 pumol from acetaldehyde.
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Li et al. researched the photocatalytic hydrogen production in presence of oxalic acid,
formic acid and formaldehyde using a Pt/TiO2 photocatalyst [24]. The study reported that
the photocatalytic activity of these electron donors follows the trend of oxalic acid >
formic acid > formaldehyde which agrees with the order of adsorption affinity of these

electron donors on TiOx.

Imizcoz and Puga investigated the photoreforming of acetic acid using Cu/TiO2 as
photocatalyst [190]. Hydrogen production from acetic acid was enhanced by including a
photoreduction step to control the oxidation stage of Cu. On the contrary, when Cu was
used directly, its passivation resulted in a high decarboxylation, producing mainly CHa

instead of Ho.

All the materials used in the reviewed works for H2 production by photocatalytic and
photoelectrochemical oxidation of organic compounds are summarize in 2-3 and Table

2-4.

Table 2-3. Summary of the materials used in the H2 production from photocatalytic
degradation of organic compounds, with the reported external quantum efficiency

(EQE) or formal quantum efficiency (FQE).

Waste Photocatalyst Co-Catalyst Maximum Reference
Efficiency (%)
Cellulose RuO»/TiO, Pt EQE@sonmy=1  [149]
TiO; Pt - [21]
Ti0; Pt - [150]
TiO, Pd, Pt, Ni or Au - [151]
Glucose TiO, Pt EQE@ssnmy=63  [21]
TiO, Pd, Pt, Au, Rh, Ag or Ru - [22]
Ti0, Rh - [152]
TiO, Pt, Au, Ag or Cu - [153]
TiO, CuO = [154]
Phenol TiO, Pt - [23]
TiO» - - [160]
S-g-C3Ny4 - EQEuon mm= [29]
8.35
4- F-TiO; or P-TiO; Pt - [20]
chlorophenol
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Methanol Ti02/Ru0O; Pt or Pd EQE@3sonm =44 [163]
TiO; Ag, Au or Pt - [164]
TiO, Auor Pt FQE=14 [165]
Ru- TiO; Pt - [168]
Ti0; Pt EQE@ss nmy = [166]
2.9
Ti0,/C Cu/C - [167]
2-C3Ny NiOOH/Ag - [30]
g-C3Ny Ni(OH)2/ ALSi,Os5(OH)s - [169]
Ethanol Ti0, Pt EQE@36snmy=50 [21]
Ti0; Ni, Pd, Pt or Rh EQE@80nmy =38 [170]
TiO» Pt, Pd or Rh FQE=10 [171]
TiO» Pt EQE=5.14 [172]
Ti0, Au - [174]
TiO; Au - [176]
TiO; wC - [175]
CdsS - - [27]
CdsS Ni - [28]
Glycerol TiO, Pt EQE@65nmy=70 [21]
TiO; Pt - [179]
Ti0; Pd or Au - [180]
Ti0; Cu - [181]
Ti0, Cu EQE@esnim=24.9  [182]
TiO, Pt - [183]
TiO» CNT-Pt - [184]
Formic acid TiO, Pt - [189]
TiO; Pt - [24]
Acetic acid TiO, Pt - [189]
TiO, Cu - [190]
Oxalic acid TiO, Pt - [24]
Acetaldehyde  TiO» Pt - [189]
Formaldehyde TiO, Pt - [24]
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Table 2-4. Summary of the materials used in the H2 production from degradation of
organic compounds using photoelectrochemical cells with the reported external quantum

efficiency (EQE) or incident photon-to-current efficiency (IPCE).

Waste Photoanode (Photo)Cathode Maximum Reference
Efficiency (%)
Formamide TiO; Pt/C - [69]
Glucose WO; wC EQE 00 nm) = 80  [155]
Ni(OH); loaded on a-Fe;O; Pt - [75]
Phenol TiO, NRs, TiO> NTs/Ti, CdS C/Cu,O/Cu and IPCE@Gsonm =68 [70]
and CdSe Cu,O
BiO,-TiO»/Ti SS - [159]
Bi/BiVO, Pt - [161]
Ethanol Ti0; Pt IPCE@60nm =96 [177]
TiO2/WOs3 Carbon black - [178]
Glycerol TiO, Pt - [185]
TiO,/ CdS Pt - [186]

2.4.3 Wastewater mixtures

The feasibility of photocatalytic H2 production from wastewater mixtures such as olive
mill wastewater, juice production wastewater and waste activated sludge has been

demonstrated [25,26,153,191].

Olive mill wastewater (OMW) contains a high load of organics varying from 40 to 220 g
L' [192]. The main components found on this wastewater are oil, grease, polyphenols
and sugars [191]. Badawy et al. studied the photocatalytic degradation of OMW with
simultaneous hydrogen production using nanostructured mesoporous TiO2 as
photocatalyst [25]. TiO2 loading and pH were the main factors affecting the photocatalytic
degradation and H2 production in this study. The maximum hydrogen production was 38
mmol after 2 hours at a pH of 3 and a photocatalyst concentration of 2 g L™!. The organic
pollutants contained in OMW enhanced the H2 production, by scavenging holes and
decreasing the electron hole recombination. Speltini et al. investigated the effects of
factors as photocatalyst concentration, pH and OMW concentration in H2 production,
using Pt/T102 as photocatalyst and UV-A irradiation [191]. The study reports an apparent
quantum yield of 5.5 10 at 366 nm and the production of 44 umol of Hz after 4 hours of

UV-A irradiation, using a photocatalyst concentration of 2 g L', OMW concentration of
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3.35 v/v, and a pH of 3. Moreover, the H2 yield produced by OMW was compared to
glucose, which have been considered a good sacrificial donor for H2 production, and

similar production rates were obtained.

Imizcoz and Puga demonstrated the feasibility of photocatalytic hydrogen production
using wastewater from a juice production industry, which contains high amounts of
saccharides [153]. The study reported a Hz yield of 115 mol gea! h! using Au/TiO: as
photocatalyst.

The simultaneous H2 production and degradation of waste activated sludge from
wastewater treatment processes was investigated by Liu ef al., using Ag/TiO2 as
photocatalyst, proving the possibility of this process [26]. The review articles for the

photocatalytic production of Hz from wastewater mixtures are summarized in Table 2-5.

Table 2-5. Summary of the materials used in the Hz production from wastewater

mixtures.

Waste Photocatalyst Co-Catalyst Maximum Reference

Efficiency (%)
oMW TiO, - - [25]

Pt EQE(366 nm) — [ 1 9 1]

0.5
Juice industry TiO; Au - [153]
wastewater
Sludge TiO, Ag - [26]

2.5 Photocatalysis and Photoelectrocatalysis Research at Ulster

The research presented in this thesis also builds up on the knowledge and expertise
developed over many years at Ulster University concerning photocatalysis and

photoelectrocatalysis, particularly applied to water and wastewater treatment.

In 1995, one of the first works on the photocatalytic treatment of drinking water was
presented at the World Environmental Congress and Second International Conference on
Advanced Oxidation Technologies for Water and Air Treatment, London, Ontario,

Canada. Some of the early works by Byrne et al. included the use of P25 for the
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degradation of humic acid [ 193], the use of immobilized TiO2 powder for water treatment
[121], and the use of a photoelectrochemical cell to couple the oxidation of organic
pollutants to the recovery of metals from wastewater [194]. Coleman et al. studied the
use of TiO2 for the photocatalytic degradation of 17-f-oestradiol [195], steroid estrogens
[196] and 17a-ethynyloestradiol with TiO2 [197]. Dunlop et al. investigated the use of
Ti02 photoanodes for the inactivation of Clostridium perfringens spores [198] and E. coli
K12 [199], as well as the use of different commercial immobilized TiO2 powders for the
degradation of phenol and formic acid [200]. McMurray et al. examined the use of
immobilized TiO: for the photocatalytic oxidation for oxalic and formic acid [201] and

atrazine [202], as well as the oxidation of formic acid using photoelectrochemistry [203].

Alrousan et al. studied the use of immobilised TiO2 on the inactivation of E. coli in
surface water [204]. Sunnotel et al. investigated the photocatalytic inactivation of
Cryptosporidium parvum using TiO:2 film deposited by electrophoresis on to ITO glass
[205]. Wadhwa et al. studied the effect of post-annealing titania nanotubes that were
hydrothermally synthesized [206]. Dale et al. studied the use of titania nanotubes in
photoelectrocatalysis [207] and the effect of surface roughness and applied potential
[208]. More recent works continued expanding the knowledge on the use of titania
nanotubes for photoelectrocatalytic water treatment and disinfection. Studies include the
application of titania nanotubes for rainwater disinfection [209], the investigation of the

radicals produced [210] and the performance of nitrogen doped nanotubes [32].

Alternatively, other works have also explored the performance of other materials as WOs,
g-C3N4 and BiVOs4 for photocatalytic water disinfection [47,211]. In addition, the
modification of P25 and titania nanotubes with Cu20 was also explored applied to the

photocatalytic and photoelectrocatalytic reduction of CO2[40,212].

The expertise over the years in photocatalysis and photoelectrocatalysis applied to water
treatment has also occasioned the publication of highly cited reviews by Byrne and

collaborators [12,213-215] and book chapters [216-218].
2.6 Conclusions

This literature review has described the potential of treating wastewater using
photocatalysis and photoelectrochemistry, as well, as the possibility to couple it with

energy recovery as hydrogen production. The production of hydrogen from pollutants and
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wastes can be energetically more favourable than the production of hydrogen from water

splitting.

Using suspensions of photocatalytic particles has been the most common approach to
date, while only a limited number of works have adopted the use of photoelectrochemical
cells represent a promising option since this configuration reduces the recombination
losses within the system. Most studies for hydrogen production coupled to the oxidation
of wastewater has been performed using organic compounds as saccharides, phenolic
compounds, alcohols, or organic acids, with the higher number reported being alcohols,
however they are not a major component in most wastewater. Therefore, more studies

with common wastewater compounds are needed.

Additionally, nitrogen compounds which are common constituents of domestic and
municipal sewage sludge, are one of the interesting targets to couple to hydrogen
production. Specially, urea and ammonia since they exhibit significant hydrogen weight
content, with more investigation needed using PEC cells, visible light materials and

analysis of the by-products formed.

Comparing the performance from the different published works is extremely challenging.
Hydrogen production rates, when given, are measured under very different operating
conditions and the quantum efficiencies are usually not reported. Therefore, following a
systematic procedure in reporting photocatalytic performance would be beneficial for the
evaluation of the different compounds. Nevertheless, hydrogen production linked to the
treatment of pollutants in wastewater is an exciting area for research and may have true

potential for scale up in niche applications.
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Chapter 3.

3.1 Introduction

Materials and methods

This chapter presents the materials, methods and equipment used throughout the research

of this thesis. The majority of the experiments were carried out at Ulster university except

for the Atomic Layer Deposition experiments and related characterization, performed at

the company Delft-IMP, the detection of hydrogen gas experiments, performed at Queens

University of Belfast and the Inductively Coupled Plasma tests, performed by the external

company Laboratorium voor Multi-element Analysis.

3.2 Materials

The reagents utilized in this research were of analytical grade and no further purification

was performed. A list of reagents and materials is shown in Table 3-1, including the

corresponding supplier and the purity.

Table 3-1 — List of reagents used, including chemical formula, supplier and purity.

Name
Ammonium fluoride
Ammonium sulphate
Brij-35
Conductive Epoxy CW
2400
Copper
hexafluoroacetylacetonate
trimethylvinylsilane
Copper sheet
Copper sulphate pentahydrate
Copper wire
Distilled water

Decon 90

Chemical formula

NHJF
(NH.)SOx

Ci10H13CuFsO2S1

Cu
CuSOs4 -5H20
Cu
H20

Supplier
Sigma-Aldrich
Sigma-Aldrich
Sigma Aldrich

Circuit works

Gelest

RS Components
Sigma-Aldrich
RS Components
In-House
Decon

Laboratories

Purity
>99.99 %
>99.99 %

99.9 %
>99 %
Garde 11
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Fluorine-doped tin oxide
glass

Ethylenediamine
Ethylene glycol
Hydrazine sulphate
Ultrapure water

Nafion 117

Nitric acid
Nitrogen (oxygen-free)

N-(1-naphtyl)
ethylenediamine
Dihydrochloride (NED)

Platium wire

Platinized titanium mesh
Phthalaldehyde
Potassium perchlorate
Potassium nitrite

Primaquine bisphosphate

Silver epoxy
Trisodium citrate

Sodium chloride

Sodium dichloroisocyanurate

Sodium hydroxide
Sodium nitrate

Sodium nitroprusside

Sodium salicylate

Sodium tungstate dehydrate

Sodium oxalate

Sodium Sulphate

SnO2:F

C2HsN2
(CH20H)2
N2H6SO4

Millipore H20
(C7HF130s5S .
C2F4)x
HNO:3
N2
CioH7NHCH2CH2
NH: - 2HCI

Pt

Pt
CsH4(CHO):
KCIO4
KNO2
CisH21N30O -
2H3PO4
Na3Ce¢Hs07
NaCl
C3CiN3NaOs3
NaOH
NaNO;3
Naz(Fe(CN)sNO)
-2H20
C7HsNaOs
NaxWO4
Na2C204
Na2S04

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ELGA Pure Lab
Sigma Aldrich

Sigma Aldrich
BOC

Birmingham
metal
special products
Umicore
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

MG Chemicals
Alfa Aesar
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Fluka Analytical

>98 %
>99.8 %

>99 %
15 MQcm'!

> 65 %
>99.99 %
> 98 %

>99 %
>99 %
>99 %
> 98 %

>99 %
>99.8 %
> 98 %
> 98 %
>99 %
=99 %

>99.5%
>99 %

>99.5 %
>99 %

81


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tungstate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxalate

Chapter 4. Materials and methods

Sulphanilamide CesHsN202S Sigma-Aldrich >99 %

SUS photoresist - MicroChem -

Sulfuric acid H2S04 Sigma Aldrich 95-97 %

Titanium foil Ti Sigma-Aldrich 99.8 %

Titanium mesh Ti Ti-Shop Grade |

Zinc sulphate heptahydrate ZnS0O4- TH20 Sigma-Aldrich >99 %
3.3 Methods

3.3.1 Surface modification by Atomic Layer deposition (ALD)

3.3.1.1 ALD setup

The ALD experiments were carried out in a fluidized bed reactor (FBR) operated at
atmospheric pressure. This system consisted of a borosilicate glass column placed on a
vertical vibration table to assist the fluidization of the nanoparticles. The FBR was heated
using an infrared (IR) lamp. The inlet lines, valves and bubblers were brought to the
desired temperature using heating tape. The temperature was measured with a type-K
thermocouple and regulated with a PID controller. All the lines, valves and bubblers were
uniformly covered externally with two layer of glass fibre tape for a better temperature
isolation. The gas was introduced from the bottom of the FBR through a stainless-steel
distributor plate, formed by sintered particles to achieve a homogenous flow of gas
through the full cross-section of the column. An identical distributor plate was placed on

top of the column to prevent nanoparticles from leaving the column.
3.3.1.2 Fluidization test

Prior to the ALD deposition experiments, the optimal fluidization conditions for the
substrate were determined by a fluidization test. The fluidization test was performed in
the FBR reactor at atmospheric pressure and room temperature. Nitrogen was utilized as
fluidizing tool together with the vertical vibration table. The nitrogen gas was introduced
from the bottom of the column at different flow rates, ranging from 0.5 to 1.5 mL min™'.
The quality of fluidization was assessed visually. The optimal nitrogen flow rate was
chosen when the substrate packed bed expanded, changing into a fluidized bed, and the

particles were in suspension in an upward gas stream with no preferential paths.
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3.3.1.3 Cux0 deposition

CuxO was deposited onto the commercial TiO2 (P25) substrate using Copper
hexafluoroacetylacetonate trimethylvinylsilane, Cu(I)(hfac)(TMVS), as precursor and
H>0O as oxidizer. The bubbler containing the Cu precursor was maintained at 60 °C,
whereas the H20 bubbler was kept at room temperature. The deposition temperature was
150 °C. For each ALD deposition batch, 1 g of TiO2 was used, fluidized using inert N2
with a flow of 0.5 L min"!. An ALD cycle consisted of four sequential steps: (1) the
exposure of the TiO2 powder to the precursor, Cu(I)(hfac)(tmvs) vapor, (2) a purge with
Nz, (3) the exposure to deionized H20 vapor and (4) a purge with N2. An additional purge
of 5 min N2 was used in between cycles to ensure the removal of possible by-products

and precursor residues.
3.3.2 Electrode preparation
3.3.2.1 Immobilization of P25(Ti0;) on FTO glass by spray coating

The P25(TiOz) electrode was fabricated by immobilizing commercial P25 on a fluorine
doped tin oxide (FTO) coated glass using spray coating procedure. Prior to
immobilization, the FTO glasses were ultrasonically cleaned in a solution of 5 % Decon
90 detergent, followed by ultrasonic wash in distilled water and finally dried in air. In
this method, the P25 was suspended in methanol with a density of 25 g L™! and sonicated
for 10 min to improve mixing. Later, the glass was placed on a hot plate at a temperature
of 80 °C. The suspension was then coated onto the FTO glass using a spray gun. Several
cycles of spraying and weighing were performed until the desired loading of 1 mg cm™
was achieved. This loading was chosen based on previous studies that described the
optimal loading for the degradation of formic acid and atrazine [1,2]. The coated FTO
was then annealed in a Lenton furnace at 450 °C in air for 1 h using a ramp rate of 2 °C

min ',

3.3.2.2 Hydrothermal synthesis of WO;3 onto FTO glass

The WOs electrode was synthesized directly on the FTO glass using a hydrothermal
method adapted from previously published work by Yang et al. [3]. Prior to being utilized
in the synthesis, the FTO glasses were cleaned in a sonicator, using a solution of 5 %
Decon 90 detergent followed by ultrasonic wash in distilled water and finally dried in air.

In this procedure, 0.18 g of Na2WO4-H20 was dissolved in 24 mL of distilled water, after
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that 8 mL of HCI 33% was added dropwise. 1.32 g of Na2C204 was then added and left
stirring for 10 min. Subsequently, 24 mL of distilled water was added and stirred for 30
min, accounting for a total solution volume 56 mL. For the synthesis of the 1.5 cm x 2
cm FTO glasses, the solution was then transferred to a Teflon liner of 80 mL. The FTO
glass slides were placed at an angle with the conductive side facing down, for a controlled
growth. For the FTO glasses with a dimension of 7 cm x 7 cm, 380 mL of solution was

prepared and placed in a Teflon liner of 1 L.

In both cases, the liner was then placed in a Parr reactor in which the hydrothermal
synthesis was performed at a temperature of 120 °C for 12 h. Once ready, the FTO coated
glasses were extracted, rinsed with distilled water and dried in ambient air. The WO3
coated FTO coupons were annealed in a Lenton furnace at 450 °C in air for 1 h using a

ramp up rate of 2 °C min! and a ramp down rate of 2 °C min ™.
3.3.2.3 Anodization of titanium

The titanium nanotube electrodes were fabricated using electrochemical driven
anodization. Prior to this process, all titanium (Ti) metal sheets/meshes were
ultrasonically cleaned in a solution of 5 % Decon 90 detergent, followed by ultrasonic
wash in distilled water and finally dried in air. The anodization procedure followed was
previously reported by Yeonmi et al [4]. In this process, a working electrode and two
counter electrodes were used, with the Ti sample being used as the working electrode and
two platinized titanium meshes as the cathodes. The distance between the working
electrode and each cathode was 2.5 cm. The electrodes were submerged in the electrolyte
containing NH4F (0.3 wt%) in distilled water (3 vol%) and ethylene glycol (97 vol%).
Due to the corrosive nature F~ towards glass, a polypropylene beaker was employed. An
anodising potential of +30.0 V was applied for 3 h using a power supply (PLH120 DC
Aim-TTi). The electrode was cleaned by rinsing multiple times in distilled water and then
annealed in lenton furnace at a temperature of 450 °C in air for 1 h ramp 2 °C min™' up

and 2 °C min’! down.
3.3.2.4 Electrical contact

The electrical contact for all small size photoanodes (size 2 cm by 1.5 cm) was done using
a copper wire with a thickness of 1.5 mm. The end of the copper wire that was attached

to the electrode was sanded with grit paper to remove the wire protective layer. For the
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electrodes fabricated with FTO as conducting substrate, the copper wire was attached
directly to the semiconductor uncoated area of the FTO. For the electrodes using Ti as the
conducting substrate, the oxide layer on the annealed titanium was removed with abrasive
grit paper. In order to attach the copper wire with the conductive substrates, silver epoxy
(CircuitWorks CW2400) was used. The epoxy was applied and then cured in an oven at
120 °C for 30 min. A negative photoresist (SU8 MicroChem) was used to insulate the
contact and any area of the conductive substrate not covered with nanostructures. The
photoresist was applied and left to dry at room temperature, after that, it was exposed to
UVA light (PL-S 9W/10/2P (UVA)) for 10 min on both sides to enable the cross-linking

of the epoxy groups, followed by curing in an oven at a temperature of 160 °C for 30 min.

3.3.3 Material characterisation

This section describes the techniques employed to study the physical and chemical
properties of the materials used. In order to determine the morphology of the electrodes
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were
used. The crystal structure of the materials was studied using X-ray diffraction (XRD).
For the elemental and chemical composition of the semiconductors, X-ray photoelectron
spectroscopy (XPS) was utilized. The metal content of the materials was determined
using inductively coupled plasma optical emission spectrometry (ICP-OES). And the
optical properties of the materials were investigated using ultraviolet-visible diffuse

reflectance spectroscopy (UV-Vis DRS).

3.3.3.1 Scanning electron microscopy

The surface morphology of the electrodes was studied using scanning electron
microscope (Hitachi SU500 FE-SEM). The accelerating voltage used varied from 10 kV
to 15 kV, the working distance was between 5 and 15 mm and the high vacuum pressure
used was 107 bar. The images were recorded using the secondary electron detector. The
electrodes were studied as prepared, with no additional coating being applied. The size of
the nanoparticles was determined from the obtained SEM images, using the software

Imagel [5].

3.3.3.2 Transmission electron microscopy
The high-resolution images of materials were acquired using transmission electron
microscopy (JEOLJEM1400). These measurements were recorded with an operating

voltage of 120 kV. For the TEM analysis, the samples were dispersed in ethanol and
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directly drop-casted onto carbon-coated Cu grids (Agar Scientific, 400 mesh). The TEM

images were analysed using the software ImageJ [5].

3.3.3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy was utilized to determine the elemental composition
and oxidation state of the samples surface. A Kratos Axis Ultra instrument having Al Ka
as X-ray source with photon energy hv = 1486.7 eV was employed for all XPS
measurements. The wide energy survey scans (WESS) were measured for all samples in
the binding energy range of 0-1250 eV and a pass energy of 160 eV. High resolution (HR)
scans of each target element (copper 2p; titanium 2p; carbon 1s; oxygen Is and tungsten
4f) were investigated at slow scan speeds and 14.2 eV pass energy. The XPS peak fitting
was performed using CasaXPS software. All the XPS spectra were calibrated with respect
to the reference to C-C adventitious carbon (C 1s) with peak position of 284.8 eV. The
high-resolution scan peaks were fitted using Gaussian-Lorentzian (GL) function and a

Shirley background correction was done before quantification.

3.3.3.4 X-ray diffraction

The crystalline phase of the electrodes was studied using X-ray diffraction (Malvern
Panalytical) with Cu Ko (A= 1.560 A) radiation and using a scanning angle between 20°
and 70° For these measurements, the divergence slit was fixed to 0.5, scan ranged from
20°to 89° with a scan step size of 0.0065° and a time per step of 2.9 s. The revolution

time was set to 8 s.

3.3.3.5 Inductively Coupled Plasma -Optical Emission Spectroscopy

Inductively coupled plasma optical emission spectroscopy was employed to quantify the
metal content in ALD materials. For the quantification of CuxO deposited on TiO2, 0.1 g
of sample was placed in an alumina crucible with sodium peroxide and melted in the
furnace using a temperature of 750 ° C. The melt was let to cool down, and after it was

leached with a diluted hydrochloric acid solution.

3.3.3.6 Ultraviolet-visible diffuse reflectance spectroscopy

The optical properties of the semiconductors were studied using a UV-Vis
spectrophotometer equipped with an integrating sphere (LAMBDA 365 UV-Vis,
PerkinElmer). The diffuse reflectance spectra were collected with the semiconductor

samples already immobilized in the FTO glass.

86



Chapter 4. Materials and methods

To estimate the band gap of the semiconductors using the optical spectra, the Tauc plot
was used [6]. This method is based on the hypothesis that the absorption coefficient (o)
can be expressed following equation (3-1), where /4 is Planck’s constant, v is photon
frequency, Egis the band gap, B is a constant and y a factor which represents the electron
transition. For v, a value of 0.5 for direct and 2 for indirect transition band gaps is used.

(a .hv))l/ = B(hv - E,) (3-1)

To transform the diffuse reflectance absorption collected spectra it into absorption
spectra, the method proposed by Kubelka-Munk is used [6]. According to this theory,
spectra can be transformed using (3-2), as F(R). In this equation, K represents the
absorption coefficient while S the scattering coefficient R the reflectance. Therefore, a in

the Tauc equation (3-1) can be substituted with F(R), which results in equation (3-3).

_ kK (1-R)? (3-2)
FR)=5= 25—
(F(R).hv) /™ = B(hv — E,) (3-3)

For the Tauc plot, (F(R).hv) /™ is plotted against the photon energy (hv), with the
intersection point between the x-axis and the linear fit providing and approximate

bandgap for bare semiconductors [7].

This method is effectively used to estimate bang gap from semiconductors that have a
negligible light absorbance in the sub-band gap energy. However, for doped, defected or
surface modified semiconductors, which show some absorbance at energies below Eg
(due to the intraband gap states), a direct application (intersection with x-axis) of the Tauc
method might create inaccurate and underestimated values. This estimation can be
improved by the use of a baseline in the sub-bandgap region of the Tauc plot as proposed

by Makula et al. [7].
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3.3.4 Photoelectrochemistry and Photocatalysis
3.3.4.1 Light source

For all the presented photoelectrochemical and photocatalytic experiments, two different
lamps were used a 450 W and a 1000 W Xe lamps. The 450 W Xe lamp (Horiba Jobin
Yvon FL-1039/40) was equipped with a monochromator (Horiba Jobin Yvon MicroHR),
an optical shutter (Uniblitz, WMM-T1 by Vincent associates, Rochester, NY, USA) and
an IR filter. The 1000 W Xe lamp (Quantum Design LSE641) was equipped with an IR
filter.

The intensity of both lamps was measured using a spectral radiometer with an integrating
sphere (FLAME-S-UV-VIS-ES, Ocean Optics B.V, Netherlands), shown in Figure 3-1.
The cells were positioned at a distance from the lamps to match the intensities in the
absorption range of the materials with the AM 1.5 and each other, as much as possible.
The total measured irradiance for the 1000 W lamp was 954 W m™, which was used for
the STH efficiency calculation. The measured irradiance from both lamps is given in

Table 3-2.

Table 3-2. Measured irradiance from 450 W and 1000 W Xe lamps.

Wavelength range 450 W Xe lamp (W m2) 1000 W Xe lamp (W m?)
280 nm to 400 nm 47 46
280 nm to 500 nm 177 173

Total (200 nm to 1100 nm) 1090 954

The monochromatic intensity from the 450 Xe lamp was measured from 270 nm to 500
nm with 10 nm intervals as shown in Figure 3-2. At each wavelength, the irradiance

follows a normal distribution pattern varying +10 nm from the peak value.
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3.3.4.2 Photoelectrochemical characterization
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Figure 3-3. Schematic representation of photoelectrochemical characterization

laboratory setup.

The electrochemical characterization was carried out using an AUTOLAB potentiostat
with the general purpose electrochemical software (GPES). The The 450 W Xe lamp was
used with the monochromator, optical shutter and IR filter. A schematic representation of
this setup is shown in Figure 3-3. These experiments were performed in a cylindrical
quartz cell of 20 mL, using a three-electrode configuration, with the working electrode
being the photoanode, the counter electrode, being the cathode and a reference electrode.
As counter electrode a platinum gauze was used. A schematic representation of this cell
setup is shown in Figure 3-4. All potentials were referred against the saturated calomel

electrode (SCE) unless otherwise stated.

The photoelectrochemical behaviour of the semiconductor electrodes was assessed using
linear sweep voltammetry, amperometry, spectral photocurrent and open circuit
photopotential. The photoelectrochemical tests were performed at least three times with

different electrodes to ensure reproducibility.
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Figure 3-4. Cylindrical quartz cell. This figure was adapted from [8].

Linear sweep voltammetry

In this method, the potential was swept between two values at a constant scan rate, while
the current response was recorded. Typically, LSV measurements were performed from
-1 Vto+1 Vor0Vto 1.5V using a sweep rate of 5 mVs™!. The measurements were
performed with chopped irradiation, with intervals of 10 s. LSV was used to measure the
photocurrent density (j) which is the difference between current density under
illumination and in the dark. The photocurrent represents the efficiency of the
photoinduced process at a potential value. The LSV measurement was also used to find

the anodic onset potential.

Amperometry

In this method, a potential vs the reference electrode was applied, and the current response
was recorded in time. Amperometry was carried out both in dark and under irradiation to
determine photocurrent. Different fixed potentials were used to measure photocurrent

without being altered by the changing potential.

Spectral photocurrent

The spectral photocurrent response was utilized to study the performance of the
photoanodes at different wavelengths. For this method, amperometry was employed, a
fixed potential vs reference electrode was applied in time while varying the
monochromatic irradiation in 10 nm intervals from 280 nm to 420 nm or 500 nm. The

used applied potential was 1 V vs SCE (unless otherwise stated).
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Incident photon-to current conversion

The incident photon-to-current conversion efficiency (IPCE), also referred as external
quantum efficiency, was used to evaluate the generation of charge carrier per incident
photons in the system at a determined wavelength. It was calculated using the spectral
photocurrent, and the photon flux at each wavelength, integrated from the lamp irradiance
data (Figure 3-2), according to equation (3-4). In this expression 4 is Plank's constant, c
is the speed of light in vacuum, 1 is the irradiation in wavelength in nm, J is the

photocurrent density in mA cm 2 and P; is the photon flux in mW c¢m ™ at a particular A.

IPCE = number of generated charger carrier _ j hc (3-4)

number of incident photons AP,

Open-circuit potential and Open circuit Photopotential

For the determination of the open-circuit potential (Eocp) and open-circuit Photopotential
(Epho), the open circuit potential was recorded in time using potentiometry. First, the Eocp,
also referred as equilibrium potential, was recorded in the dark. Once the Eocp Was
reached, the semiconductor electrode was irradiated, producing a change in potential due
to the generation of electron hole pairs. Subsequent, a new equilibrium was reached which
is referred as quasi-Fermi level. The Epno was calculated as the difference between the

Fermi level (Eocp) in the dark and the and the quasi-Fermi level under irradiation.
3.3.4.3 Photoelectrochemical experiments

For these experiments, the irradiation source used was the 1000 W Xe lamp, equipped
with the IR filter. A power supply (PHL120 DC Aim-TTi) was used to provide the

external electrical bias. A schematic representation of the setup is shown in Figure 3-5.
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Figure 3-5. Schematic representation of photoelectrochemical laboratory setup.

Two different custom-made cells were designed using the software Inventor from
Autodesk. They were fabricated using a high resolution stereolithography 3D printer
(Formlabs Form 2) and a chemical resistant clear resin (Formlabs RS-F2-GPCL-04).
After printing, the cell parts were rinsed with isopropanol and then cured at 60 °C for 40
min. Finally, they were cleaned with MilliQ water. Both cells were designed with an
irradiation area of 19.6 cm?. The window glass is placed between two O-rings to avoid

leaking of the electrolyte.

When used in back-face irradiation configuration, an uncoated area of FTO is in contact
to a copper plate which makes the electrical contact. As cathode, a commercial platinized
titanium mesh (2.5 £ 0.3 um) was used, the electrical contact to the cathode was done
using Pt wire. Both cells were equipped with septum ports to extract liquids samples using
syringes. A 3D exploded view of the one compartment is shown in Figure 3-6, this cell
had a total volume of 33 mL and a separation between anode and cathode of 1 cm. The
exploded view of the two-compartments cell is shown in Figure 3-7. The cell
compartments were separated by a Nafion membrane, placed between two silicon
gaskets, to seal the cell and avoid liquid and gas leaks. In order achieve sufficient gas
tightening of the cell by compression of the gaskets without compromising the structural
integrity of the glass, the cell was designed with two sets of bolts. One set of bolts had
the purpose of closing the anode and cathode compartments, with enough pressure so the

Nafion and gasket seal that part of the cell, to exert same force in each bolt a torque tool
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was used. A different set of bolts closed the cell with the front holder with the glass in
between, using O-rings. In this cell, each compartment had a volume of 33 mL and the

distance between electrodes was 15 mm.
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Figure 3-6. 3D exploded view of the custom-made one compartment cell.
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Figure 3-7. 3D exploded view of the custom-made two compartments cell.

Faradaic Efficiency

The performance to electrochemically generate a product was determined using the
Faradaic Efficiency (FE), which relates the number of electrons in the system with the
number of moles produced for a determined product. This expression is given in equation
(3-5), where n is the mol of chemical produced, Z is the number of electrons exchanged,

F the Faraday’s constant and Q the charge transferred through electrode in C.
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Nyroduced Nyroduced -
FE =2 = P (3-5)
Ntheoretical i
ZF

Solar-to-hydrogen conversion efficiency

The performance of the photoelectrochemical production of hydrogen was assessed
using solar-to-hydrogen (STH) conversion efficiency, which relates the solar energy to

the chemical hydrogen energy. The expression is given in equation (3-6), where @y, is
the hydrogen rate given in mol s' m?, G° u, the Gibbs free energy of hydrogen formation

and P is the photon flux given in mW cm, measured for a light source with a spectra
equal to air mass global (AM) 1.5.
Dy, - Gy, (3-6)

STH = —2
P

3.3.4.2 Photocatalytic experiments

The photocatalytic experiments were performed using a borosilicate glass water jacket
reactor with a total volume of 22 mL and the 1000 W Xe lamp (Figure 3-8). The IR filter
was placed between the lamp and the reactor. Air was bubbled into the solution during
the experiment to maintain the level of dissolved oxygen. The experiment was performed
under constant stirring to provide efficient mixing and mass transfer. Before starting the
experiments, the lamp was shielded and the solution was stirred under air sparging in the
dark for 20 min, to allow the system to stabilize. Samples of 0.7 mL were collected in
time with a pipette and analysed following the UV-vis methods detailed in the following

section.
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Figure 3-8. Schematic representation of photocatalytic laboratory setup.
3.3.5 Quantification of reactants and products

The quantification of reactants and products was performed at least three times with
different electrodes-photocatalysts to assure reproducibility. The results include the

standard error between measurements represented with error bars.

3.3.5.1 Urea

For the quantification of urea, a spectrophotometric method previously reported by
Zawada et al was used [9,10]. This method is based on the reaction of ureca with
phthalaldehyde to form 1,3-dihydroxyisoindoline or 1-ureido-3-hydroxyphthalan.
Afterwards, the reaction with primaquine bisphosphate allow the occurrence of
characteristic colours [9,10]. Brij-35 is a surfactant, and it is used in this method to

enhance the fluorescence of the dye [10].
The reagents for this method were prepared as follows:

- Reagent A. In a 100 mL volumetric flask with 50 mL of water, 7.4 mL of sulfuric
acid 95-97 % (H2S04) was added and allowed to cool down to room temperature.
When this solution cooled down, 20 mg of phthalaldehyde (CsH4«(CHO)2) was
added to the solution and dissolved. Subsequently, 100 uL of Brij-35 was added to
the volumetric flask and filled with ultrapure water. To reduce its viscosity, the Brij-

35 was slightly warmed up to 40°C using a water bath before use.
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- Reagent B. 0.5 g of boric acid (H3BO3) was dissolved in 50 mL of water in a 100

mL volumetric flask. Later, 22 mL of sulfuric acid (H2SO4) was added and allowed

to cool down to room temperature. Then, 51.3 mg of primaquine bisphosphate

(C1sH21N30 - 2H3PO4) was added and dissolved. Finally, 100 pL of Brij-35 was

added to the volumetric flask and filled with ultrapure water.

The colorimetric solutions were prepared adding 2 parts by volume of reagent A, with 2

parts of reagent B and 1 part of sample and left to incubate for 1 hour at room temperature.

After that, the absorbance was measured at 430 nm in the UV-vis, using a 1 mL quartz

cuvette. Calibration curves were performed weekly to assess quality of reagents, an

example of calibration curve is shown in Figure 3-9.
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Figure 3-9. Example of calibration curve for UV-vis colorimetric determination of urea

3.3.5.2 Ammonium

concentration.

The quantification of ammonium was performed following the method described in the

BS ISO 15923-1:2013 [12].
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For the preparation of the colorimetric solutions, 1 part per volume of sample mixed with
2 parts per volume of ultrapure water and 10 part per volume of reagent A. Subsequently,
10 parts per volume of reagent B were added, followed by 5 parts per volume reagent C.
Finally, 2 part per volume of reagent D were inserted and the solutions were incubated at
35° C for 30 min. After incubation, the colorimetric solutions were analysed at a
wavelength of 660 nm, using a 1 mL quartz cuvette. Calibration curves for this method

were performed daily, an example of this curve is shown in Figure 3-10.
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Figure 3-10. Example of calibration curve for UV-vis colorimetric determination of

ammonium concentration.

3.3.5.3 Nitrite

The quantification of NO2™ was performed following the method specified in the BS ISO
15923-1:2013 [12]. An example of calibration curve for this method is shown in Figure
3-11.
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Figure 3-11. Example of calibration curve for UV-vis colorimetric determination of

nitrite concentration.
3.3.5.4 Nitrate

For the quantification of NOs", the method specified in the BS ISO 15923-1:2013 [12].
Calibration curves for this method were performed weekly, an example of this curve is

shown in Figure 3-12.
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Figure 3-12. Example of calibration curve for UV-vis colorimetric determination of
nitrate concentration.
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3.3.5.5 Hydrogen detection

The detection of hydrogen gas was done using a gas chromatograph (GC - Agilent
Technologies 7280 A). The GC was equipped with thermal conductivity detector (TCD)
and a packed stainless-steel column (MoleSieve SA, Mesh 80/100, 6 ft length and 2 mm
ID, RESTEK). A pressure of 26.1 psi, a temperature of 150 °C and a flow rate of 22.9
mL min' were employed to drive the injector. The column was operated with a flow rate
of 20 mL min’!, and an oven temperature of 50 °C. The detector was kept at 200 °C using
a flow rate of 5 mL min™'. The exact retention time of hydrogen was established by
injecting pure Hz, while the quantification was carried out constructing a calibration curve
(shown in Figure 3-13). The latter was obtained by areal integration of the Ha peak
corresponding to multiple samples with known concentrations. Gas samples with of 0.1

mL were injected into the GC using a gas tight syringe.
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Figure 3-13. Calibration curve for H2 quantification.
The quantification of the total volume of H2 gas produced during photoelectrochemical
experiments was carried out using water displacement through a gas tight connection of
the headspace to an inverted graduated cylinder. The gas produced in the cathode
compartment was collected in a Tedlar sampling bag (Restek). Before the experiments,

the electrolyte was bubbled with N2 gas to remove the Oo.
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Chapter 4. Nanostructured Titanium dioxide electrodes
and their performance as photoanodes for the oxidation of

ammonia and urea

4.1 Aim and Objectives
4.1.1 Aim

The overall objective of this work is to fabricate different Titanium dioxide (TiOz2)
nanostructured photoanodes, compare their photoelectrochemical performance and study

their implementation for the oxidation of common nitrogen wastewater pollutants.

4.1.2 Objectives
The specific objectives of this research are the following:

e Fabrication nanostructured TiO2 electrodes, P25 and TiNT.

e Analysis of material properties of electrodes e.g. morphology.

e Evaluation of photoelectrochemical response of the electrodes.

e Study of the photoelectrochemical performance of the electrodes in the
presence of common domestic nitrogen wastewater pollutants (urea and
ammonia).

e Determination of pH effect on the photoelectrochemical behaviour.

e Determination of IPCE efficiencies of both photoanodes in presence of
urea or ammonia.

e Investigation of the use of this electrode for the oxidation nitrogen
wastewater pollutants a scaled-up custom-made photoelectrochemical
cell.

e Comparison of photocatalytic and photoelectrochemical performance for
urea degradation.

e Study of urea oxidation kinetics.

e Identification of main products from urea oxidation.
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4.2 Introduction

TiO2 is one of the most widely used semiconductor materials for photocatalytic
applications. It has high photo-activity, low cost and good chemical and thermal stability
[1]. In 1972, Fujishima and Honda reported a photoelectrolytic system for water splitting
using a crystalline TiOz electrode under UV irradiation [2]. Since then, research in the
field of photocatalysis for energy and environmental application gained attention
producing a substantial number of studies [3,4]. TiO2 has been extensively researched as
a photocatalyst in suspension as free particles. The photogenerated holes are used for the
degradation of organic pollutants either by direct oxidation or indirect oxidation by
reactive oxygen species, and oxygen is commonly used as electron acceptor. The use of
immobilized TiO2 has also been explored for water treatment using supporting substrates
include glass, glass beads, glass fibre etc. If the TiO2 is immobilised on an electrically
conducting support, then these electrodes may be used with external applied bias in a
photoelectrochemical configuration [5]. Electrochemically assisted photocatalysis
(photoelectrocatalysis) results in an improvement in charge separation, reduction in

recombination and enhancement in reaction rates [6].

In order to improve light absorption, reduce recombination of the photogenerated charge
carriers and promote chemical reactions, TiO2 electrodes are often engineered to form
nanostructures. A popular TiO2 commercial product is Evonik Aeroxide P25 (formerly
known as Degussa P25), which has been widely adopted as a benchmark in research. P25
is formed by combination of the polymorphs anatase and rutile in proportions of around
80 % anatase and 20 % rutile. This composition has been reported to enhance the
photoactivity because the rutile phase, which has a more positive CB potential, might act
as electron sink for the photogenerated electrons of the anatase phase [7]. Several
immobilisation techniques with different complexity have been reported for P25
electrodes, including spray coating, dip coating, spin coating, doctor blading, drop casting

and electrophoretic deposition [8—11].

Titanium nanotubes (TiNT) have also been reported to be used in photoanodes and are
reported to have high mechanical strength, shorter diffusion lengths and large specific
surface area [12]. Methods for the fabrication of TiNT include hydrothermal, template
assisted and electrochemical oxidation [13]. Zwilling et al. reported in 1999, the

production of the first self-organized nanotube layers on Ti substrate by electrochemical
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anodization in chromic acid electrolytes containing fluorine ions [14]. Since then, this
method has been one of the most utilized due to its low cost, simplicity and facile
tunability of the nanostructures size, shape and order. These parameters can be varied by
adjusting the applied potential, anodization time, temperature, pH and composition of the
electrolyte. The formation mechanism of the TiNT is reported to proceed by the
electrochemical oxidation from Ti to TiOz, followed by the fluorine chemical induced
dissolution of TiO2 [13]. Numerous studies have optimized the fabrication method
further, and all the developments are generally classified in generations [13]. The most
popular procedure nowadays belongs to the third generation. This procedure uses polar
organic electrolytes, often ethylene glycol, which is mixed with water and a source of
fluoride ions such as NH4F. The reported diameters of the tubes range from 40 to 160 nm,
with lengths ranging from 0.5 pm up to 1000 um (216 h) [15]. However, lengths varying
from 2 pm to 5 pum are usually used for the oxidation of pollutants [16]. Most commonly
reported applied potential for the formation of TiNT ranges from 20 V to 60 V, and time
from 1 to 6 h in which 3 h has been reported as the most effective for photocatalytic
degradation of organic pollutants [17,18]. Moreover, the post annealing time and
temperature of the TiNT electrodes, have been reported to determine the phase,
conductivity and charge carrier lifetime [13]. Temperatures between 350°C and 450 °C
have shown smaller resistances when compared to other annealing temperatures, this
could be due to the prepared amorphous phase nanotubes converting into anatase at

temperatures between 350°C and 450 °C [19].

Some studies have reported the photocatalytic oxidation of urea [20—22] or ammonia [23—
25] using TiOz, focusing on the kinetics and mechanism. Limited studies have studied the
use photoelectrochemical cells containing urea, using P25 [26,27], or TiNT [28,29] as
photoanodes, highlighting material improvements. However, these studies lack a solid
proof of the occurring oxidation of urea, as well as the determination of reaction kinetics

and products.

This work aimed to compare the performance of two different nanostructured TiO2
photoanodes (P25 and TiNT) and study their photoelectrochemical behaviour in the
presence of urea and ammonia, quantifying the effect of this substances in the IPCE of
these materials. The influence of pH on the photocurrent for these processes was assessed.

A scaled-up custom-made photoelectrochemical cell was used to study the oxidation of
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urea with both materials, comparing oxidation kinetics and reaction products. This study

highlights the use of PEC for the treatment and oxidation of urea in domestic wastewater.
4.3 Experimental Methodology
4.3.1 Electrode fabrication

The P25 electrode was fabricated by the immobilization of commercial Evonik Aeroxide
P25 on FTO glass using spray coating. The TiNT electrode was fabricated using
electrochemical driven anodization of a titanium metal sheet. (For detailed fabrication

procedures see Chapter 3. Materials and methods).

For the photoelectrochemical characterization experiments, FTO glasses and Ti sheets

with size 2 x 1.5 cm were used (see Chapter 3. Materials and methods).
4.3.2 Material Characterization

The surface morphology of the electrodes was analysed using scanning electron
microscope (Hitachi SU500 FE-SEM) with an accelerating voltage of 10 kV and a high
vacuum pressure of 10 bar. The size of the nanoparticles was determined using the

software ImageJ averaging more than 100 measurements from several images.

The UV-vis diffuse reflectance spectra were measured using a LAMBDA 365 UV/Vis
spectrometer (PerkinElmer) which was equipped with an integrating sphere. The optical

band gap was estimated following the Kubelka-Munk method.
4.3.3 Photoelectrochemical Characterization

The photoelectrochemical characterization was performed using a potentiostat
(AUTOLAB PGSTAT 30) and a 450 W Xe lamp (Horiba Jobin Yvon FL-1039/40)
equipped with a monochromator (Horiba Jobin Yvon microHR), a chopper (Uniblitz) and
an infra-red (IR) filter. The experiments were performed in a cylindrical water jacketed
quartz cell with a total volume of 30 mL. A three-electrode configuration was employed
with the TiO:2 electrodes used as working electrodes, a Saturated Calomel Electrode
(SCE) as reference and a platinum gauze as counter electrode (Chapter 3.Materials and
methods). A LSV from 0 to 1.2 (V) was performed at each pH, the photocurrent density

value was selected from the saturated photocurrent region.
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Linear sweep voltammetry (LSV) with chopped irradiation was used to determine the
photocurrent density, onset potential and critical band bending. The potential was swept
from -1.0 to +1.0 V using a scan rate of 5 mV s™'. The open circuit potential and open
circuit photo-potential were measured using potentiometry. The spectral photocurrent
response measurements were performed from a wavelength ranging from 280 nm to 500
nm in steps of 10 nm with chopped irradiation intervals of 20 s and a fixed potential of
+1.0 V vs SCE. The urea concentration effect in photocurrent was recorded using
amperometry. For this measurement, the cell was kept under constant stirring and 250 pL.

of a urea solution were added every 200 s with a pipette through the cell orifice.

The electrolyte consisted of 0.05 M of KCIOs4 (referred as blank electrolyte), to which
0.05 M of urea or 0.025 M ammonium sulphate were added, unless otherwise stated. For
the ammonia experiments the pH was adjusted to 10.5 using potassium hydroxide. The

pH was adjusted using nitric acid or potassium hydroxide.
4.3.4 Oxidation experiments

The oxidation experiments were performed in a custom-made 3D printed PEC cell. The
cell consisted of one compartment, and an irradiation window of 19.6 cm? (see Chapter
3. Materials and methods). A two electrode configuration was used with platinized
titanium mesh as the cathode. The connection to this electrode was done with a platinum
wire. For the photoanode, the P25 electrode, was deposited on a FTO of 7cm by 7 cm,
the contact was done by pressing to a copper sheet which was integrated in the cell. For
the TiNT electrode, 3 layers of titanium mesh were anodized and annealed following the
same procedure as the foil (Chapter 3. Materials and methods). The contact for the TINT
electrode was done using platinum wire. The irradiation source used for these experiments
was a 1000 W Xe lamp (Quantum Design, see Chapter 3. Materials and methods). The
electrical bias was provided by a power supply (PHL120 DC Aim-TTi) and multimeters

were used to record the potential and current (1351 Data precision).

To quantify the urea concentration over time, 1 mL was extracted every hour through the
extraction port of the cell. A colorimetric method was used previously reported by
Zawada et al. [30,31]. The products quantification (NH4", NO2, NO3") was done
following the protocols defined in ISO 15923-1. For these methods UV/Vis spectrometer

(PerkinElmer) was used.
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4.4 Results and discussion
4.4.1 Electrode morphology

The surface morphology of the immobilized P25 and TiNT electrodes was analysed using
SEM (Figure 4-1 and 4-2). The images at low and high magnification of the P25
photoanode (Figure 4-1) showed agglomerates of small spherical P25 nanoparticles
uniformly covering the FTO surface. Figure 4-2 displays the surface of the titanium foil
covered with highly ordered TiNT at low and high magnification. An average size of the
nanotube diameter of 99.89 nm +14 nm was obtained from the particle size distribution
resulted from more than 100 measurements, as shown in Figure 4-2. Length of the
nanotubes varied between 3.3 pm and 3.5 um, (Figure 4-2). The measured dimensions of
the synthesized TiNT are comparable to other works that have employed similar

anodization conditions (30V, 3 hours and 2 c¢cm separation) [32-34].

SUS5000 10.0kV 9.3mm x20.0k SE(L) 2.00pm | SU5000 10.0kV 7.5mm x180k SE(L) 300nm

Figure 4-1- SEM images for the P25 photoanode at 20 k magnification (left) and 180k

magnification (right).
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Figure 4-2 - SEM images of the TiNT photoanode at 10k magnification (top left), 100k
magnification (top right), cross section for the inspection of the longitudinal dimension

of the nanotubes (bottom left) and tube diameter size distribution (bottom right).
4.4.2 Diffuse reflectance spectroscopy

Diffuse reflectance measurements were performed to estimate the band gap energy of the
TiO2 nanostructured electrodes and a Tauc plot is shown in Figure 4-3. Due to the
absorption of sub-band gap energy photons, a baseline was introduced to intercept the
linear fitting, obtaining an optical band gap of 3.18 eV for the electrode formed by P25
deposited on FTO by spray coating [35]. This value is in agreement with reported values
of 3.2 eV for anatase and 3.0 eV for rutile, with P25 being formed by a mixture of 80%
anatase and 20% rutile [1]. TiNT electrodes synthesized by comparable conditions and
annealing temperature to the ones used in this study have been reported to mainly be in
anatase phase [13]. For the TiNT electrode, an estimated band gap of 3.24 eV was
obtained (Figure 4-3), which is consistent with the anatase value of 3.2 eV reported in

literature.
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Figure 4-3. Tauc plots for the TiO: electrodes, P25 (black) and TiNT (green).
4.4.3 Photoelectrochemical characterization
4.4.3.1 Photoelectrochemical response of P25 and TiNT electrodes

To study the behaviour of the photoanodes at different potentials, LSV was performed
from -1.0 to +1.0 V vs SCE. The LSV are shown in Figure 4-4. When a semiconductor
is in contact with an electrolyte, a flow of charge between both phases occurs to achieve
equilibrium. This forms the bending of the electronic band structure of the semiconductor,
which is termed band bending. After this equilibrium is achieved, the region in the
semiconductor that has been depleted from the majority carrier, is referred as space charge
region or depletion layer. Band bending can be induced by metal or electrolyte contact,
surface states, the absorption of molecule and applied bias. In the case of TiO2 (n-type
semiconductor), a positive applied bias increases the depletion layer, resulting in upwards

band bending.
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The results obtained (Figure 4-4) can be used to obtain the critical band bending (Js) of
each nanostructured TiO:z electrode, Js is calculated by making the difference between
the onset potential (close to flat band Em) and the potential required to obtain the
maximum or saturated photocurrent (i.e., where all charge carriers are separated). The
P25 photoanode showed an onset potential for anodic current of -0.65 V vs SCE while
the saturated photocurrent is reached at a potential of -0.4 V, giving a Js 0of 0.15 V (Figure
4-4). On the other hand, for the TiNT electrode the anodic onset potential was -0.55 V vs
SCE and the photocurrent increased with increasing potential up to 0.5 V, which results
ina Js~ 1.05 V. In general, in bulk electrodes the separation photogenerated charges can
be driven by the space charge layer, however, in the case of P25, being a porous
particulate electrode, the electron hole pair separation is mainly driven by the reactivity
of holes towards species in the solid electrolyte interface i.e. hole transfer kinetics. This
explains why the P25 electrode has a smaller Js. Conversely, in the case of the TiNT
electrode, the ordered nanostructured tubes have a dimension larger than the space charge
layer. Therefore, the potential induced band bending aids the charge separation and

transport, showing the larger Js.

Comparing the saturated photocurrent density obtained in each electrode, the P25
achieved 50 pA.cm?, and the TiNT 270 pA.cm?, which is 5 times higher than the P25
electrode. The photocurrent is a measurement of the CB electrons that are able to reach the
conductive substrate and transfer to the counter electrode via an external circuit. There are
various causes that impede the photogenerated electrons to reach supporting electrode, these
include surface and bulk recombination, and electron scavenging by oxidants in the
electrolyte, such as dissolved O2. For the immobilised P25, the nanoparticles are isolated
from each other, limiting the interparticle transfer of photogenerated electrons to the
current collector. This charge transfer increases the probability of recombination at the
interparticle boundary. In the case of the TiNT, the nanotubes provide a pathway along
the longitudinal direction for charge transfer. This reduces the possibility of interparticle

recombination, achieving higher photocurrent when, compared to P25.

The LSV of the TiNT (Figure 4-4) showed spikes upon illumination at potentials slightly
higher than the onset (-0.5 V to -0.1 V). These spikes arise from the surface recombination

with either surface-trapped holes or intermediates of the photooxidation [36]. At
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potentials significatively higher (0.0 V to +1.0 V), the spikes are not present due to lower

recombination.
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Figure 4-4. Linear sweep voltammetry from -1.0 V to +1.0 V for P25 (black) and TiNT
(green), scan rate 5 mV/s, chopped irradiation (10s), Electrolyte = 0.05 M KC104, Iy
(280-400 nm) = 44 W m™,
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Figure 4-5. Open circuit potential for P25 (black) and TiNT (green) under dark and

irradiation. /o (280-400 nm) = 44 W m. Electrolyte = 0.05 M KClO4.
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The results from the OCP measurement are shown in Figure 4-5. When the semiconductor
electrode is irradiated, the potential changes due to the generation of electron-hole pairs,
when the rates of electron and hole transfer become equal a new equilibrium is achieved
which is denoted as quasi-Fermi level. The difference between the dark Fermi level and
the quasi-Fermi level is referred as open circuit photo-potential (Epho). In the open circuit
potential measurement, as there is no applied bias the conducting substrate (in this case
FTO/Ti sheet) does not behave as electron sink as in photocurrent measurements. The
potential measured corresponds to the potential of the conducting substrate equilibrated

with the deposited TiO2 layer. The counter electrode in these measurements is a Pt gauze.

In the obtained open circuit potential graph, four different regions can be differentiated
(Figure 4-5). In the first one, the electrode is in steady-state in the dark, and the measured
potential is dependent on the electrolyte. In this region, potentials +0.17 V (vs SCE) for
P25 and + 0.12 V (vs SCE) for TiNT can observed. In the second region, one can observe
a decrease in the open circuit potential (Eocp). This indicates that the semiconductor film
generates an excess of electrons under irradiation in non-steady conditions. After some
time, in the third region, the steady state condition is reached under irradiation. The steady
state potentials for the P25 and TiNT electrodes are -0.44 V (vs SCE) and -0.28 V (vs
SCE), respectively; giving corresponding Epho values of 0.61 and 0.40 V. In the last
region, after turning off the irradiation, the electrode eventually reaches the steady state
in the dark. The time required for that will vary depending on the redox processes
occurring at the solid electrolyte interface, as interaction with water molecules. The
measured Eocp depends on the recombination and charge transfer rate to the interface. The
results showed the P25 electrode reaching a more negative potential than TiNT,
suggesting a higher hole transfer rate to the interface in P25. In addition, P25 contains a
mixture of anatase and rutile, while the TiNT synthesized in similar conditions than this
study is reported to be in anatase phase [13]. The mixture present in P25 might be

responsible for electron trapping, shifting the photopotential to negative values.

The spectral photocurrent response of both P25 and TiNT photoanodes is shown in Figure
4-6. The P25 electrode showed a maximum photocurrent density of 27 pA.cm? at a
wavelength of 340 nm with 1.62 pA.cm™ at 390 nm. The TiNT electrode reached a
maximum photocurrent of 103 pA.cm™ at 350 nm, which is 4 times higher than the one
achieved with P25. For the TiNT electrode, a photocurrent of 5.12 pA.cm™ was recorded
at 390 nm and 1.62 pA.cm™at 400nm.
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Figure 4-6. Spectral photocurrent density with monochromatic irradiation from 280 nm
to 420 nm at a fixed potential of +1.0 V for P25 (black) and TiNT (green). Electrolyte =
0.05 M KCIOa. Ip (280-400 nm) = 44 W m™,
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Figure 4-7. Incident photon-to-current efficiency (IPCE) for P25 and TiNT. /o (280-400
nm) = 44 W m. Electrolyte = 0.05 M KCIOs.
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Figure 4-8. (IPCE)"? vs hv plots for the P25 and TiNT electrodes.

The spectral photocurrent was used to calculate the IPCE for both photoanodes (Figure
4-7). The TiNT electrode reached an efficiency of 43 % at 350 nm, which is more than 3
times the one achieved by P25 (12 % at 340 nm). The IPCE values obtained for TiNT in
this work are within the range of previously reported in works (35 % - 45 %) for similar
fabrication and testing conditions [33,37,38]. The IPCE values reported in literature for
P25 photoanodes vary in the range 10 - 25% [39—42], due to the different experimental
conditions, including the electrode thickness, immobilization process and electrolyte;
nevertheless, the value obtained in this study is within the range reported in comparable

studies.

The IPCE values were used to estimate the effective indirect bandgap energy of the TiO2
photoanodes, plotting the (IPCE)"? vs wavelength in Figure 4-8 [43]. The P25 electrode
presented an estimated bandgap of 3.18 eV which matches the value obtained in the Tauc
plot using DRS (3.18 eV). The value obtained for the TiNT corresponds to a bandgap of
3.16 eV which, is a bit lower than the value that was obtained from the Tauc plot (3.24
eV) but in the same range. Therefore, it is possible to conclude that the band gap
estimation performed from the measured optical absorption (calculated from the Tauc

plot), is quite close to the experimental value that was obtained from the photocurrent
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recorded from the excitation of the semiconductor under monochromatic irradiation

(estimated using IPCE). That is, the optical gap is similar to the effective band gap.

This work shows that the main factor affecting the performance of the TiO2 photoanodes
is the morphology of their nanostructure. This nanostructure determines charge transfer,
recombination rates and the possibility of inducing band bending through applied

potential.
4.4.3.2 Photoelectrochemistry in presence of urea

The photocurrent measured in the presence of urea as function of electrolyte pH is shown
in Figure 4-9. In these results, the recorded photocurrent is higher in presence of urea,
compared to the blank electrolyte. The photocurrent value does not vary with different
pH in the range (3-11); however, a decrease can be observed at pH 13. In general, the pH
of domestic wastewater has been reported to be close to neutral, with values varying from
6 to 8 [44]. Therefore, since the results showed that the pH does not significatively affect

photocurrent, a neutral pH will be used for the following sections of the study in presence

of urea.
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Figure 4-9. Photocurrent vs pH plot for urea. P25 electrode. /o (280-400 nm) =44 W m’
2. Electrolyte = 0.05 M KCIO4 and 0.05 M Urea.
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Figure 4-11. Linear sweep voltammetry for blank electrolyte (black), and with the

addition of urea (blue), with TiNT photoanode, scan rate 5 mV/s, chopped irradiation

(10s), 1o (280-400 nm) = 44 W m. Electrolyte = 0.05 M KClO4 and 0.05 M Urea.

117



Chapter 4. Nanostructured Titanium dioxide electrodes and their performance as photoanodes for the
oxidation of ammonia and urea

The photoelectrochemical response of the TiOz electrodes (P25 and TiNT) in the presence
of urea was studied performing linear sweep voltammetry, comparing the measurements
with the blank electrolyte (Figure 4-10 and Figure 4-11). For the P25 electrode the
addition of urea, resulted in lower photocurrent densities, up to - 0.3 V vs SCE. However,
at higher potentials, the photocurrent density increased with increasing potential, reaching
100 pA.cm™ at +1.0 V, which is double when compared to the blank electrolyte. The
addition of urea did not produce any effects with TiNT electrode, until ca. -0.1 V. For
more positive potentials, the photocurrent density in presence of urea resulted was 1.15
times higher, compared to the blank. The increase in photocurrent density upon addition
of urea, observed for both electrodes, may be attributed to the holes being scavenged by
the urea either via direct hole transfer or via hydroxyl radical mediated hole transfer. This
scavenging action, results in lower recombination rates, with more photogenerated
electrons reaching the conductive substrate and being transferred to the cathode. An
increase in photocurrent with the addition of urea was reported in two studies using P25
[27,45]. Kim et al. reported a 3 times photocurrent rise when using a concentration of
0.33 M urea [45]. Lucian-Cristian et al. showed an increment varying from 15% to 35%
with urea concentrations ranging from 0.1 to 1 M [27]. In the present study, using a urea
concentration of 0.05 M, a 2-fold increase in photocurrent is observed with P25 and

photoanode.

In order to study the effect of urea concentration in the photocurrent produced with the
P25 photoanode and compare it with previously reported literature, an experiment was
performed measuring the photocurrent under additions of urea every 200 s (Figure 4-12).
The results showed that the photocurrent increased with rising urea concentration until a
concentration of 0.017 M, where current saturation is achieved. Therefore, for the urea
concentration used in this study, 0.05 M, it is possible to assume that current saturation is

reached, corresponding to the highest possible enhancement cause by urea addition.
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Figure 4-13. Open circuit potential for P25 (left) and TiNT (right) in presence (solid)
and absence (dash) of urea under dark and irradiation. /o (280-400 nm) = 44 W m™.
Electrolyte = 0.05 M KClO4 and 0.05 M Urea.
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The effect of the addition of urea in the open-circuit potential (Eocp) and open-circuit
photopotential (Epho) 1s shown in Figure 4-13. These results showed no significant
variation in presence of urea when compared to the blank electrolyte, suggesting no
significative change in hole transfer rate to the interface, which generates a similar excess

of electrons, showing a comparable negative potential.

The spectral photocurrent response was recorded under wavelengths varying from 280
nm to 420 nm, using intervals of 20 s. For the P25 electrode, the addition of urea resulted
in an increase in the maximum photocurrent density from 25 pA.cm™ to 45 pA.cm™ at
340 nm (Figure 4-14). For the TiNT electrode, the photocurrent increased from 100
pA.cm? to 120 pA.cm™ at 350 nm (Figure 4-15). Using the spectral photocurrent, the
increase in IPCE in the presence of urea for both photoanodes was calculated (Figure 4-
16). The highest efficiency was recorded with the TiNT nanotube electrode, reaching
55.11 % at 340 nm, which is 13 % more than the efficiency that is obtained with the TINT
without urea. For the P25 electrode, a maximum efficiency of 21.22 % was achieved at
330 nm with urea, resulting in 10 % increased efficiency when compared to the P25 in
the absence of urea. Comparing both electrodes, TINT gave more than double the [IPCE
of P25.
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Figure 4-14. Spectral photocurrent density with monochromatic irradiation from 280
nm to 420 nm at +1.0 V for blank electrolyte (black) and added urea (blue). P25
electrode. Iy (280-400 nm) = 44 W m™. Electrolyte = 0.05 M KClO4 and 0.05 M Urea.
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Figure 4-15. Spectral photocurrent density with monochromatic irradiation from 280
nm to 420 nm at + 1.0 V for blank electrolyte (black) and added urea (blue). TINT
electrode. Iy (280-400 nm) = 44 W m™. Electrolyte = 0.05 M KClO4 and 0.05 M Urea.
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Figure 4-16. Incident photon-to-current efficiency (IPCE) for P25 and TiNT in
presence and absence of urea. /o (280-400 nm) = 44 W m™. Electrolyte = 0.05 M KC1O4
and 0.05 M Urea.

4.4.3.3 Photoelectrochemistry in the presence of ammonia

In water, un-ionized ammonia (NH3) exists in equilibrium with ionized ammonium
(NH4"). This equilibrium is pH dependent and has a pKa of 9.25. When the pH is lower
than 9.25, NH4" is the majority form, while at higher pH than the pKa, NH3 is the dominant
form. To study the effect of the pH on the photocurrent, several linear sweep
voltammetries were taken at different pH. The photocurrent as a function of the solution
pH in presence of ammonia is shown in Figure 4-17. The results showed an increase in
photocurrent when the solution pH is higher than 8, which peaks at a pH around 10.5.
This observation, clearly proves a higher photocurrent when ammonia is in un-ionized
form (NH3s), showing more efficient hole scavenging at these conditions. The obtained
result is consistent with previous TiO2 photocatalytic studies using suspension, which

report the highest oxidation with molecular ammonia at pH between 10 to 11 [24,25].
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Figure 4-17. Photocurrent vs pH plot for NH4"/NHs. P25 electrode. o (280-400 nm) =
44 W m™. NH4"/NH3 pKa= 9.25. Electrolyte = 0.05 M KCIO4 and 0.05 M NH3/NHa4".

Taking into account the possible preferential adsorption of NH4" or NH3 into the surface
of the nanoparticulated P25 anode. An indication on the reactants adsorption based on the
catalyst surface charge, can be obtained from the point of zero charge (pzc). The pzc
indicates the pH at which the net charge of the particle surface is equal to zero. For P25,
it has been reported to be around pH of 6.5. This means that at pH lower than 6.5, the
Ti02 surface should be positively charged, while at higher pH the surface is negatively
charged. Therefore, at pH lower than 6.5 both the semiconductor and the NHa" are
positively charged, exercising a repelling force, thus hindering adsorption. For pH values
between 6.5 and 9.25, the TiOz surface is negatively charged, and the equilibrium sifted
to NH4". Therefore, in this range, one can expect favoured attraction and adsorption.
However, the highest photocurrent is observed at pH higher than 9.25, corresponding to
mainly NH3 neutral form and negatively charged P25 surface. Nevertheless, it is also
necessary to consider that the P25 photoelectrode is under potentiostatic conditions and

irradiation, which also have additional influence on the surface charge. In particular, the
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applied anodic potential might result in the FTO to be positively charged, with the P25
charge depending in the electron transfer rate to the FTO, resulting in a more complex

process.

With the purpose of studying the photoelectrochemical behaviour of the TiO2 electrodes
in the presence of ammonia, linear sweep voltammetry and open circuit voltage
measurements were performed adding ammonia to the electrolyte. For these experiments,
a pH of 10.5 was chosen, corresponding to the highest photocurrent observed from the

pH study of Figure 4-17.

For the P25 electrode, the LSV in the presence of ammonia showed an increase in
photocurrent density for the whole potential range, when compared to the blank. This
corresponds to a 3 times enhancement in photocurrent, reaching values of about 160 pA
cm. For TiNT electrode, the presence of NH3 also showed a higher photocurrent density,
reaching maximum value of 361 pA.cm™, as compared to the 262 pA.cm™ reached with
the blank. Other studies also reported more than 2-fold increase in photocurrent in the
presence of some inorganic and organic substances [46—48]. The remarkable
enhancement in the photocurrent can be attributed to a more efficient scavenging of the
photogenerated hole by the compounds. Moreover, in some particular cases some of these
substances have been referred as current doublers, showing how the number of electrons
produced by these substances is higher than the number of absorbed photons (sometimes
showing IPCE values even higher than 100 %) [49]. This current doubling process is
explained by the formation of unstable radicals that inject additional electrons in the CB.
In this way, a hole can generate two conduction electrons, one photogenerated and one
injected, resulting in the observed doubling of the current. However, the current doubling
process is not easily differentiable from other processes, as semiconductors also have
extensive electron-hole recombination. In the present study, even if ammonia resulted in
3 times an increase in photocurrent using the P25 photoanode, the increase observed with
TiNT was less than double (1.4 times). Therefore, the 3-fold increase in the P25 is likely
produced by increased rate of hole scavenging reducing the rate of surface recombination

reactions.

124



Chapter 4. Nanostructured Titanium dioxide electrodes and their performance as photoanodes for the

oxidation of ammonia and urea

200 T T T T T T T T
————— Blank
j NH,
150 _
‘\.T\ |
LE) i
100 - -
<
e ]
‘D 50 W H R
c I S I L O O B | | | | I i ! | (
(O] 1 ! : b ‘I ‘ [ “ i I' 5 |1 : | ] " |
o J » T T T O B 0 O
% 0 - | ',/"l _ t _ L \ ‘\ L oL 1 L \ 1L |
t ] ’/ &\l -
S LS
o 1
504/ ; i
] P25
-100 ++——7F— T T T T T T T 1 | E—
-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6 0.8
E (V) vs SCE

Figure 4-18. Linear sweep voltammetry for blank electrolyte (black), and added

ammonia (orange) with P25 photoanode, scan rate 5 mVs!, chopped irradiation (10s), Iy

(280-400 nm) = 44 W m™. Electrolyte = 0.05 M KCIlO4 and 0.05 M NH3.
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Figure 4-19. Linear sweep voltammetry for blank electrolyte (black), and added

ammonia (orange), with TiNT photoanode, scan rate 5 mVs™!, chopped irradiation (10s),

1o (280-400 nm) = 44 W m™. Electrolyte = 0.05 M KCIO4 and 0.05 M NH3.
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The NHj3 present in the electrolyte resulted in a higher rate of hole transfer to the interface,
generating a higher excess of conduction band electrons, as suggested from the results of
the open circuit measurements presented in Figure 4-20. A larger difference is observed
for the P25 electrode, which could be due its high porosity, with higher number of holes
being transferred to the interface in comparison with TiNT. P25 particulate films have a
very high specific surface area estimated to be in the region of 1000 times larger than the

geometric area [50].
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Figure 4-20. Open circuit potential for P25 (left) and TiNT (right) in presence (solid)
and absence (dash) of ammonia under dark and irradiation. /o (280-400 nm) = 44 W m™.

Electrolyte = 0.05 M KClO4 and 0.05 M NHs.

In order to study the effect of the presence of NH3 in the photocurrent at each wavelength,
the spectral photocurrent was measured and IPCE efficiency calculated. For the P25
electrode, the addition of ammonia results in an increase in the maximum photocurrent
density from 27 pA cm™ to 68 pA cm at 340 nm. For the TiNT electrode at 350 nm the
photocurrent increased from 150 pA cm™ to 100 pA cm? at 350 nm. The highest
efficiency was achieved with the TiNT nanotube electrode, reaching 65 % at 340 nm,
which is 23 % higher than in the absence of ammonia. For the P25 electrode, a maximum
efficiency of 30 % was achieved at 330 nm with NH3, corresponding to 18 % increased
efficiency compared to the blank electrolyte. Thus, TiNT can achieve more than 5 times

the IPCE when compared to P25 in the presence of ammonia.
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Figure 4-21. Spectral photocurrent density with monochromatic irradiation from 280
nm to 420 nm +1.0 V for blank electrolyte (black) and added ammonia (orange). P25
electrode. Iy (280-400 nm) = 44 W m. Electrolyte = 0.05 M KCIlO4 and 0.05 M NH3.
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Figure 4-22. Spectral photocurrent density with monochromatic irradiation from 280
nm to 420 nm +1.0 V for blank electrolyte (black) and added ammonia (orange). TINT
electrode. Iy (280-400 nm) = 44 W m™. Electrolyte = 0.05 M KCIlO4 and 0.05 M NH3.
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Figure 4-23. Incident photon-to-current efficiency (IPCE) for P25 and TiNT in absence
and presence of NH3. Iy (280-400 nm) = 44 W m™2. Electrolyte = 0.05 M KClO4 and
0.05 M NHs.

The present study has demonstrated an enhancement of the PEC process in the presence
of ammonia and urea, showing a considerable increment in photocurrent for both TiO2
photoanodes (P25 and TiNT). This increase in photocurrent was explained by more
efficient scavenging of the photogenerated hole by the added substances either directly
or mediated by hydroxyl radicals. The variation in pH had no effect on the photocurrent
achieved in presence of urea, however, in the presence of ammonia the photocurrent was
pH dependent, with the highest achieved at 10.5, which correspond to NH3 in neutral
form. From both electrodes, the highest efficiency was obtained with the TiNT in
presence of urea, with a 55 % efficiency achieved with urea and a 65 % with ammonia.
However, it is necessary to take into account that the 65 % efficiency was obtained with
NHs at pH of 10.5. If this approach was to be used to treat wastewater, then a pH
correction would be necessary. Consequently, the following section of this chapter will
study the oxidation of urea, as its application would not involve the pH adjustment of the

wastewater.
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4.4.4 Photoelectrocatalytic oxidation of urea

In order to study the oxidation of urea, its reaction kinetics and the resulting products, a
custom-made scale-up photoelectrochemical cell was built with an irradiation area of 19.6

cm? (Chapter 2. Materials and methods, Figure 3-6).

A larger P25 electrode was fabricated using same immobilization method previously
adopted in this study, but on a larger FTO glass of 7 cm x 7 cm (details in experimental
section). However, since the TiNT electrode was fabricated by growing the nanotubes on
a foil and used in a front irradiation configuration. Thus, the scale up of this electrode to
a size that would cover all the window area, using front irradiation, would create mass
transfer problems between the anode and the cathode. For this reason, a titanium mesh
was chosen instead of a titanium foil, allowing a better mass transfer of reactants and
products. Since the mesh has an open area, limiting the area for photon absorption, several
meshes were layered on top of one another. Previous studies have utilized titanium
meshes in scaled-up reactors, concluding that the use of 3 layers resulted in the higher
performance [33]. Consequently, the TiNT photoanode for this study was formed by 3
layers of mesh. A schematic representation of the layered meshes is shown in Figure 4-
24. One mesh with 0.2 mm diameter has an open area of 53 %, with three layers it is

reduced to 2% (assuming a 100 % alignment) [33].
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Figure 4-24. Schematic representation of the layered mesh with 100% alignment for 1

mesh (left) and 3 meshes (right).
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Figure 4-25. SEM images of TiNT mesh at magnifications of 90 (top left), 18k (top
rigth) and 130k (bottom left) and the size distribution of the tube diameter (bottom
rigth).

SEM images of the TiNT mesh at different magnifications (90, 18k and 130k) are shown
in Figure 4-25. The mesh electrode had a mean tube diameter of 94.31 nm with a standard
deviation of 19.26 nm (Figure 4-25). For the TiNT foil (section 4.4.1), an average
diameter of 99.89 nm and a standard deviation of 14 nm were obtained (Figure 4-2).
Therefore, it can be concluded that both titanium substrates produce comparable

nanotubes.

The performance of P25 and TiNT electrodes in the custom-made PEC cell was studied
varying the applied cell potential between the photoanode and the platinized titanium
mesh cathode. For the P25 electrode, the current increased with the increasing cell
potential, under dark, current breakdown was observed at a potential around + 1.2 V
(Figure 4-26). Therefore, this potential was chosen to operate the system with this

electrode, reaching a current of 1 mA. For the TiNT electrode, current increases with
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increasing applied potential, obtaining a saturated current after potential of + 1.4 V, which

was chosen as the operational cell potential for this electrode. The photocurrent achieved

at this potential was 4.3 mA (Figure 4-27).
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Figure 4-26. Current for P25 electrode at different cell potentials for light and dark.
Measured carried in the 1-compartmet customized PEC cell. 7o (280-400 nm) =47 W m’
2, Anode geometrical area = 19.6 cm™. Electrolyte = 50mM KClO4 and 0.33 mM Urea.
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Figure 4-27. Measured current for TiNT electrode at different cell potentials for light
and dark. Measured carried in the 1-compartmet customized PEC cell. 7y (280-400 nm)
=47 W m™. Anode geometrical area = 19.6 cm™. Electrolyte = 50mM KCIlO4 and 0.33

mM Urea.
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The activity of both electrodes for the oxidation of urea was studied over a period of 4 h
(Figure 4-28). The experimental urea oxidation data was fitted to a pseudo-first-order
kinetic model (Figure 4-29) where Co is the initial concentration and Ct the concentration
that was measured at time t. For the TiNT electrode a rate constant (k;) of 0.0037 min!

was obtained, which is almost 2 times the rate obtained for P25 (0.0021 min™).

Moreover, to further study the enhancement produced by the applied potential working
in PEC configuration, additional experiments were performed in photocatalytic (PC)
configuration with the cell at open circuit (Figure 4-28). For the TiNT PC, only a 0.0002
min™! urea oxidation rate constant, which is a considerable difference when compared to
the 0.0037 min™! obtained in PEC with applied bias. This increase in oxidation highlights
the benefit of using an applied bias, which drives electrons to the cathode, reducing
recombination and leaving an increased number of holes available for the oxidation of
urea. For the P25 electrode, the difference between PC (0.0012 min') and PEC (0.0021
min!) was smaller. In this case the use of applied bias produced a much lower
improvement on the urea oxidation rate constant (1.8 times), when compared to the TiINT
electrode. This limited enhancement might be due to the P25 having a morphology that
hinders electron transfer, favouring surface interparticle recombination, as discussed in
section 4.4.3 Photoelectrochemical characterization. One should also note that the P25
electrode in PC configuration obtained more than 3-fold the degradation rate of TiNT.
This can be explained, as in P25 the high porosity the holes are easily scavenged by the
urea. Besides, the rutile anatase mixture present in P25 might help to separate the

photogenerated charges, reducing recombination.

From the obtained results, a correlation between photocurrent (1 mA for P25 and 4.3 mA
for TiNT) and urea oxidation rate (0.0021 min! for P25 and 0.0037 min"! for TiNT) could
not be extrapolated. As such, TiNT, showed 4.3 times higher photocurrent but only 1.8
times higher oxidation rate. This could be explained by the fact that the P25 nanoparticles

have a high urea oxidation rate without the applied bias, in comparison to TiNT.
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Figure 4-28. Concentration vs time for P25 and TiNt in both PEC and PC
configurations. Measurement carried in the 1-compartmet customized PEC cell. /o (280-
400 nm) = 47 W m™. Anode geometrical area = 19.6 cm™. Electrolyte = 50mM KClOs
and 0.33 mM Urea.
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Figure 4-29. Negative natural log of normalized concentration vs time for P25 and
TiNT in both PEC and PC configurations. Measurement carried in the 1-compartmet
customized PEC cell. Iy (280-400 nm) = 47 W m™. Anode geometrical area = 19.6 cm™.
Electrolyte = 50mM KCIO4 and 0.33 mM Urea.
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The analysis of the products from the photoelectrochemical urea oxidation indicated that
NOs™ and NH4" were the major products, with low concentrations of NO2™ (5.1x107> mM)
for P25 below the detection limit(LODNoz2” =1x10* mM) for TiNT (Figure 4-30, Figure
4-31).

Previous reports have identified NO3™ and NH4 " as main products in the oxidation of urea,
with hydroxyl radicals (*OH) having a key role in this reaction [20-22]. A mechanism for
the photocatalytic oxidation of urea by suspended TiO2, was reported by Pelizzetti et al.
[20]. In this mechanism, *OH radicals attack the ammino group of urea to convert the
nitroso group into a nitro group, following a release of NOz ions, which get oxidize to
NOs". The carbamic acid can experience two different reactions. One option, consider the
production of NO2™ and NOs" after several oxidations with *OH radicals. The second
proposed option, results into the formation of HCO3™ and NH4" by simultaneous attack of
*OH and e” (more information of this mechanism can be found in section 2.4.1.2 Urea and
Figure 2-7). The molar ration between NO3/NH4" can reveal the favoured reaction. Some
studies have reported the use of suspended TiO2 for the photocatalytic oxidation of urea

to result in NO3/NH4" molar ratios of 2 [21] and 1.9 [22],

In the present study, the molar ratio NO3/NH4" from the photoelectrochemical oxidation
of urea was different for each nanostructured TiO: electrode. The molar ratio measured
using P25 was 1.1, while with TiNT it was 0.5. This observation suggests that different
reaction pathways occur with these photoanodes. It is important to consider that beside
the proposed urea oxidation mechanism, NO3™ can be reduced to form NHa", either from
the photogenerated electrons in the anode or the electrons transferred to the cathode

through the external circuit.
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Figure 4-30. Degradation of urea and corresponding conversion to NH4", NO3™ and
NO:" using P25 photoanode. Iy (280-400 nm) = 47 W m™. Electrolyte = 50mM KClO4
and 0.33 mM Urea.
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Figure 4-31. Degradation of urea and corresponding conversion to NH4", NOs™ and
NO:" using TiNT photoanode. Iy (280-400 nm) = 47 W m™. Electrolyte = 50mM KC1O4
and 0.33 mM Urea.
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4.5 Conclusions

The present study has compared the use of two different TiO2 nanostructured electrodes
proving valuable insight on the oxidation of urea using several photoelectrochemical and
analytical techniques. From both electrodes, the TiNT showed the highest IPCE reaching
43 % at 350 nm, compared to maximum of 12 % recorded with P25 at 340 nm. The better
performance of the TiNT was attributed to the nanotubes providing a pathway along the
longitudinal direction which aids the charger transfer. Moreover, higher band bending
could be induced by applied potential, improving further the separation of charges. An
enhancement of the PEC process in the presence of ammonia and urea was demonstrated,
showing a considerable increment in photocurrent for both TiO2 photoanodes. This
improvement in photocurrent was explained by a more efficient scavenging of the
photogenerated holes by urea and ammonia, which results in more electrons reaching the
conductive substrate and being transferred to the counter electrode. The highest IPCE was
obtained with TiNT, recording 55 % in presence of urea and 65 % with ammonia. The
pH study revealed the increment in photocurrent in presence of ammonia occurs only at
alkaline pH, which would involve a preliminary step in order to apply this technology to

wastewater.

The TiNT mesh electrode showed the highest urea oxidation, with a rate of 0.0037 min
!, The activity of both P25 and TiNT for the oxidation of urea in PEC configuration was
compared to PC configuration. The TiNT electrode recorded 15 times higher urea
oxidation rate with applied bias, while for P25 the rate was 1.8 higher. This increment
highlights the enhancement in charge separation that can be produced by the application

of a bias.
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Chapter 5. Surface modification of TiO: with CuxO
clusters using Atomic Layer Deposition and its performance

for the oxidation of urea

5.1 Aim and Objectives

5.1.1 Aim
The main objective of this study is to modify the surface of TiO:2 depositing CuxO
nanoclusters using atomic layer deposition and evaluate the performance of the modified

Ti02/CuxO nanoparticles for the oxidation of urea.

5.1.2 Objectives

The specific objectives of this research are the following:

e Development of an atomic layer deposition (ALD) process for the modification
of TiO2, with CuxO nanoclusters controlling the loading.

e Characterization of the ALD deposited CuxO nanoparticle size distribution and
dispersion.

e Identification of oxidation state of copper clusters.

e Study the optical band gap using UV-DRS.

o Assessment of the photoelectrochemical properties of the ALD modified
materials.

e Study effective band gap of ALD modified samples through spectral photocurrent
response.

e Performance evaluation of the modified TiO2 for photocatalytic the oxidation of

urea.
5.2 Introduction

TiOz2 is a material widely used in photocatalysis due to its high photo-activity, low cost,
and good chemical stability [1]. However, it has a wide band gap (3.2 eV), only absorbing
4% of the total solar irradiation. Some of the strategies reported to enhance the
photocatalytic activity of TiO:z include the modification of its surface with metals, metal
oxides or sulphides [1]. Among these options, surface modification with copper oxide has

been reported to enhance the photocatalytic performance of TiOx.

143



Chapter 5. Chapter 5.Surface modification of TiO; with CuxO clusters using Atomic Layer
Deposition and its performance for the oxidation of urea

Copper oxides are abundant in nature and inexpensive. Their electrical conductivity and
hole density varies depending on the copper vacancy density, generally showing p-type
semiconducting behaviour [2]. Several studies have reported the coupling of CuxO with
TiO2 to improve the charge separation and in some cases also the light absorption. Benz
et al. reported the enhanced performance of CuxO modified TiO: for the degradation of
organic dyes, attributing the improvement to the efficient charge transfer between Cu20
and TiO2 which reduced the charge recombination [3]. Saedy ef al. studied the use of
TiO2 modified with 1.7 nm Cu20 clusters for the photocatalytic production of hydrogen
from ethanol. The study identified a reduction of Ti** to Ti*" caused by the addition of
the CuxO clusters, showing a correlation between performance and percentage of Ti**[4].
In addition, theoretical studies have suggested that the formation of Ti-O-Cu bonds due
to the presence of Cu on the surface, promotes the shift in the valence band edge mainly
via formation of the sub-band gap states of Cu 3d [5]. Concurring with these theoretical
studies, Sharma et al. performed spectral photocurrent measurements reporting an
effective band gap change of 0.11 eV with the addition of Cu20 clusters [6]. Wang. ef al.
reported that CuxO modified TiO2 can work as stable photocatalysts avoiding the
formation of the CuO [7].

The modification of TiO2 with CuxO clusters have usually been reported using wet-
synthesis methods as precipitation [8], sol-gel [9], solvothermal [10], electrodeposition
[11] and impregnation [12]. In contrast, Atomic Layer Deposition (ALD) can be applied
to particulate materials providing control, uniformity, and precision for deposition of
nanolayers and nanoclusters. In particular, the use of ALD for the modification of
semiconductor materials is an attractive alternative to enhance the photocatalyst
properties as: band edges position, light absorption, charge transport, overpotential or
chemical and photochemical stability. The deposition of CuxO clusters onto TiO2

nanoparticles have been reported feasible in previous studies [3,4].

This chapter aimed to study the deposition of CuxO clusters on the surface of TiOz in a
controlled manner using ALD and assess its performance for photocatalysis and
photoelectrochemistry. This work included the material characterization of the modified
samples for the different loadings with special focus in the copper clusters particle size
and oxidation state. The possible enhancement in the visible light absorption was also

studied through the use of diffuse reflectance spectroscopy and spectral photocurrent

144



Chapter 5. Chapter 5.Surface modification of TiO; with CuxO clusters using Atomic Layer
Deposition and its performance for the oxidation of urea

measurements. The photoelectrochemical properties of the modified samples were also

assessed together with the photocatalytic performance for the oxidation of urea.
5.3 Experimental section
5.3.1 Atomic Layer deposition

The ALD experiments were carried out in a fluidized bed reactor (FBR) operated at
atmospheric pressure. CuxO was deposited onto the commercial TiO2 (P25) substrate
using, copper hexafluoroacetylacetonate trimethylvinylsilane, Cu(I)(hfac)(tmvs) as
precursor and H2O as oxidizer. The bubbler containing the Cu precursor was maintained
at 60 °C, whereas the H20O bubbler was kept at room temperature. The deposition
temperature was 150 °C. For each ALD deposition batch, 1 g of TiO2 was used, fluidized
using inert N2 with a flow of 0.5 L min™! (Chapter 3. Materials and methods).

5.3.2 Material Characterization

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was utilized to
determine the Cu metal content in the ALD deposited materials. The high-resolution
images of the materials were acquired using transmission electron microscopy (TEM)
(JEOLJEM1400) and the cluster size was measured using the software Imagel. The
elemental composition of the electrodes was determined using X-ray photoelectron
spectroscopy (XPS) (Kratos Axis Ultra). The wide energy survey scans (WESS) were
measured for all samples in the binding energy range of 0-1250 eV, with a pass energy of
160 eV. High resolution (HR) scans of each target element (C, Ti, Cu and O) were
recorded with a pass energy of 14.2 eV. The UV-vis diffuse reflectance spectra were
measured with a LAMBDA 365 UV/Vis spectrometer (PerkinElmer) equipped with an
integrating sphere and the optical band gap was estimated using the Kubelka-Munk
method.

5.3.3 Electrode fabrication

The TiO2 and modified CuxO/TiO2 samples were immobilized on a FTO glass using spray
coating (Chapter 3. Materials and methods). A FTO size of 2 cm x 1.5 cm was used. The
electrical contact was made by attaching a copper wire to an uncoated section of the FTO,
using silver epoxy. A negative photoresist was used as insulator of the contact and any

area of the conductive substrate not covered with nanoparticles.
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5.3.4 Photoelectrochemical Characterization

A potentiostat (AUTOLAB PGSTAT 30) and a 450 W Xe lamp (Horiba Jobin Yvon FL-
1039/40) equipped with a monochromator (Horiba Jobin Yvon microHR), a chopper
(Uniblitz) and an infra-red (IR) filter were utilized to perform the photoelectrochemical
characterization experiments. These experiments were performed in a cylindrical water
jacketed quartz cell with a total volume of 30 mL. A three-electrode configuration was
employed with the CuxO/TiO2 electrodes used as working electrodes, a Saturated Calomel
Electrode (SCE) as reference and a platinum gauze as counter electrode (Chapter

3.Materials and methods). The electrolyte was of 0.05 M of KClOa.

The spectral photocurrent response measurements were performed from a wavelength
ranging from 280 nm to 420 nm in steps of 10 nm with chopped irradiation intervals of
30 s under illumination and 80 s in the dark and a fixed potential of +1.0 V vs SCE. The
photocurrent was determined using amperometry with fixed potentials of 0.0 V, +0.5 V
and +1.0 V. The open circuit potential and open circuit photo-potential were measured

using potentiometry.
5.3.5 Photocatalytic experiments

The photocatalytic experiments were performed using a glass water jacket reactor with a
total volume of 22 mL and the irradiation source was a 1000 W Xe lamp (Chapter 3,
Figure 3-1). The experiments were performed with constant air bubbling and stirring. A
photocatalyst loading of 0.2 mg L 'was selected as it resulted in the highest urea oxidation
in preliminary experiments where loading was varied from 0.15 mg L to 0.3 mg L.
Samples of 0.7 mL were collected in time with a pipette and analysed following the UV-

vis methods detailed in Chapter 3.3.5 Quantification of reactants and products.
5.4 Results and discussion
5.4.1 Atomic Layer Deposition experiments

The goal of this study was to use ALD to improve the photocatalytic properties of TiO2
by depositing copper oxide nanoclusters. The precursor chosen, copper
hexafluoroacetylacetonate trimethylvinylsilane, also referred as Cu(I) (hfac) (tmvs), or
CupraSelect, have been previously used in several studies for the deposition of Cu,

obtaining usually copper oxides [13,14]. The ALD mechanism for the deposition of Cu

146



Chapter 5. Chapter 5.Surface modification of TiO; with CuxO clusters using Atomic Layer
Deposition and its performance for the oxidation of urea

using Cu(I) (hfac) (tmvs) as precursor has been reported for ALD deposition on flat
substrates. This mechanism differs depending on the required Cu oxidation state product
[15]. For metallic copper, the Cu(I) (hfac) (tmvs) is believed to suffer a disproportionation
due to its low stability at temperatures above 60°C [15], with two molecules of precursor
reacting to give an atom of metallic coper together with the volatile by-products of
2(tmvs) and Cu(II)(hfac).. For this process to occur, it is necessary to avoid presence or
air or humidity. For copper oxide, H20 vapour is used as co-reactant, in this process Cu(l)
(hfac) (tmvs) experiences hydrolysis reaction, resulting in the deposition of Cu20 together
with the volatile by-products of tmvs and hfacH. As the aim of this study was to deposit
Cu20, H20 vapor was used a co-reactant. This process is represented in Figure 5-1 for a

conventional ALD process with deposition on flat substrates.

a) CupraSelect b) CupraSelect
Si(CHg)s Si(CHg)a
f
\ / H,0 \./Lo
2 Cu+ }Cl’i{‘
/0 . T e PRy
(0] 0 (0] (0]
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% Reaction Reaction
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Figure 5-1. Schematic representation of the ALD deposition of a) Cu(0) and b) Cu(l)
using Cu(I) (hfac) (tmvs), (CupraSelect), as precursor in a flat substrate ALD

conventional process. Figure reproduced from [15].

Previous ALD studies have demonstrated the possibility of controlling the dispersion and
size distribution of the deposited nanoclusters in the unsaturated ALD regime conditions
[3,4]. Therefore, in this study, the fabrication of the desired nanoclusters (<5 nm) was
achieved selecting dosing times in the unsaturated regime or growth region (i.e., shorter
times than the saturation region). These deposition times ranged between 1.5 to 5 min.

When comparing the dosing times of this study (fluidized nanoparticles) to literature for
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the deposition of CuxO using conventional ALD processes (flat substrates), literature
reports shorter deposition times ranging from ms to s for flat substrates [16]. This is due
to the fact that suspension nanoparticle substrates, have larger surface areas, therefore
requiring dosing times in the range of minutes. In this study, with 1 g of P25 used as a
substrate for each ALD batch, considering a P25 specific surface area of 54 m?g’!, the
surface area to coat was 54 m2. A schematic representation of both ALD conventional

and FBR systems is shown in Figure 5-2.

Concerning the oxidizer dosing time, preliminary tests showed no increase in Cu loading
when oxidizer exposure (H20 vapor) was increased from 5 to 10 min, therefore 5 min

was selected as oxidant dosing time and was kept constants for all the depositions.

o
f
; :
e +* 9%

Ceode

Figure 5-2. Schematic representation of a conventional ALD process for deposition on

Conventional ALD Fluidized bed ALD i

¥ o

flat substrates (left) and a fluidized bed reactor ALD process for the deposition on
suspended particles (right). Figure reproduced from [17].

5.4.2 Material Characterization
5.4.2.1 Inductively Coupled Plasma-Optical Emission Spectrosocopy Analysis

ICP measurements were used to quantify the elemental composition of the CuxO/TiOz
particles and thus corroborating the success of the deposition of CuxO and studying the
effect of the modification of ALD process parameters. Figure 5-3 shows the copper
loading given by ICP as a function of the ALD number of cycles used, when a precursor
dosing time of 5 min was used. These results demonstrate a linear growth of the Cu
loading with increasing number of cycles, which is characteristic of the unsaturated ALD

region. These results proved the possibility of controlling the loading by the number ALD
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cycles. To achieve even smaller loadings, the Cu precursor dosing time was reduced to 3
min, resulting in a loading as small as 0.1 wt.% of Cu. The observed results agree with
the obtained conclusions in a previous study in which a similar ALD system for the
deposition of CuxO on P25 [3]. Benz et al. reported an increase of Cu loading with
increasing number of cycles. In addition, the study reported an ALD saturation regime

with precursor dosing times longer than 15 min.

In the following section, the investigation of the properties and performance of
CuxO/TiO2 photocatalysts was carried out selecting 4 samples with Cu loadings, 0.1 %,
0.4 %, 1.0 % and 2.6 %. These samples will be referred in the following sections as
CuxO/Ti02 (0.1 %), CuxO/TiOz2 (0.4 %), CuxO/T102 (1.0 %) and CuxO/TiOz2 (2.6 %), with
the % being the obtained ICP quantification of the metallic Cu.

3.0
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[$)] o
1 1

n

Cu loading (wt.%)
5
1
| |
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0 1 2 3 4 5 6 7 8 9
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Figure 5-3. Cu concentration as function of the number of ALD cycles with the Cu-
precursor and H20 dose time of 5 min and 5 min respectively.
5.4.2.2 Transmission electron microscopy analysis

The TEM images and cluster size distribution are shown in Figure 5-4 to Figure 5-7, these
results confirmed the successful deposition of CuxO nanoparticles on P25, revealing
highly dispersed nanoclusters with a well-controlled size. The CuxO clusters had an

average particle size between 1.7 nm and 2.1 nm as shown in Figure 5-8.
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Figure 5-4. TEM image of the ALD synthesized CuxO/TiO2 with Cu content of 0.1

wt.% and the CuxO cluster size distribution.
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Figure 5-5. TEM image of the ALD synthesized CuxO/Ti02 with Cu content of 0.4

wt.% and the CuxO cluster size distribution.
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Figure 5-6. TEM image of the ALD synthesized CuxO/TiO2 with Cu content of 1.0

wt.% and the CuxO cluster size distribution.
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Figure 5-7. TEM image of the ALD synthesized CuxO/Ti02 with Cu content of 2.6

wt.% and the CuxO cluster size distribution.
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Figure 5-8. Average size of the CuxO and standard deviation as function of copper

loading (wt.%) measured by ICP.
5.4.2.3 X-Ray Photoelectron Spectroscopy

The study of the surface chemistry of the samples and the oxidation state of the deposited
CuxO nanoclusters was performed using XPS (Figure 5-9). The copper 2p spectra
revealed a characteristic spin-orbit splitting of ~ 19.75 eV; while only the 2p3.2 spectrum
is commonly used for quantification. The distinction between metallic copper Cu(0), and
Cu(I) oxide based on the 2p3/2 spectra results rather difficult, as their binding energies are
very similar, i.e. 932.6 eV and 932.2 eV respectively. For this purpose, the LMM Auger
peak is usually studied to discriminate between Cu(0) and Cu(I). However, in the present
study this was not possible due to the presence of the Ti substrate, with Ti 1s overlapping
the spectral region of Cu LMM. Nevertheless, considering the the oxidative condition of
the synthesis process in which H20 is used as co-reactant (as disccussed in section 5.4.1

Atomic Layer Deposition experiments), the copper is assumed to be in Cu(I) form.

Cu(Il) oxide reveals a 2p32 peak at binding energy of 933.1 eV, which can be easily
distinguished from Cu(0) and Cu(I). Moreover, the Cu(II) species show a 2p3/,2 shake-up
satellite peak in the binding energy range between 940 and 945 eV. In Figure 5-9, the
lower CuxO loadings (0.1 wt.% and 0.4 wt.%), showed no satellite, suggesting that in
these samples copper is in Cu(I) oxidation state, while at higher loadings (1 wt.% and 2.6
wt.%) the presence of Cu(Il) is confirmed by its characteristic satellite peak. This
indicates that for Cu co-catalyst loading lower than 1 wt% Cu(l) is the majority phase,
while at higher loadings part of the Cu is further oxidised to Cu(Il). In order to quantify

the various Cu species (with different oxidation state) and corroborate the observations
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from Figure 5-9, the Cu 2p32 spectra for each sample were fitted with the corresponding
components. Figure 5-10 and Figure 5-11 showed a 100 at.%. for Cu(I) corroborating the
conclusions obtained from Figure 5-9. For the sample CuxO/TiOz2 (1.0 % Cu), the fitting
showed almost equal contributions of Cu(I) and Cu(Il) (Figure 5-12). While for the
sample CuxO/TiOz2 (2.6 % Cu), a dominant contribution from Cu(Il) was obtained (Figure

5-13). These results were summarised in Table 5-1.

—— Cu,0/Ti0,(0.1% Cu)

Cu,OITi0,(0.4% Cu)

—— Cu,0/Ti0,(1.0% Cu)| -

Cu,0/Ti0,(2.6% Cu)|

960 955 950 945 940 935 930 925
Binding Energy (eV)

Figure 5-9. Cu 2p XPS spectra of CuxO/TiO2 with different Cu loadings.
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Figure 5-10. XPS spectra corresponding to Cu 2p for the CuxO/ TiO2 (0.1 wt.% Cu).
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Figure 5-11. XPS spectra corresponding to Cu 2p for the CuxO/ TiO2 (0.4 wt.% Cu).
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Figure 5-12. XPS spectra corresponding to Cu 2p for the CuxO/ TiOz2 (1.0 wt.% Cu).
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Figure 5-13. XPS spectra corresponding to Cu 2p for the CuxO/ TiO2 (2.6 wt.% Cu).
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Table 5-1. Relative atomic percentage of Cu(I) and Cu(II) derived from the fitting of
the Cu 2p XPS spectra.

Sample Cu(l) (at.%) Cu(II) (at.%)
CuxO/Ti02 (0.1 wt.% Cu) 100 0
CuxO/TiO2 (0.4 wt.% Cu) 100 0
CuxO/Ti0O2 (1.0 wt.% Cu) 52 48
CuxO/TiO2 (2.6 wt.% Cu) 13 87

In addition to the identification of the copper oxidation state, high resolution XPS of the
valence band region was carried out to study the possible shift in valence band edge
position resulting from the addition of the CuxO clusters (Figure 5-14). A linear fitting
was performed to estimate the valence band position, and the obtained results are
summarised in Table 5-2. The VB shifted towards lower energy with the copper oxide
clusters loaded, with a maximum shift of 1.22 eV observed with the sample with CuxO/
TiO2 (1.0 wt% Cu). Sharma et al. reported a shift in the valence band edge when
depositing Cu20 clusters on P25 and resulting in a band gap reduction of 0.62 eV [6].
However, it is important to consider that in this method is not possible to differentiate
between the real band gap narrowing and the contribution from overlapping valence band

edges in both materials.

——TiO,

—— Cu,O/TiO,(0.1% Cu)
Cu,O/Ti0,(0.4% Cu)

—— Cu,0/TiO,(1.0% Cu)
Cu,0/TiO,(2.6% Cu)

Intensity (a.u)

Binding energy (eV)

Figure 5-14. VB XPS spectra of TiO2 and CuxO/ TiOz for different Cu loadings and
linear fitting.
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Table 5-2. Obtained VB values from the XPS spectra.

Sample VB (eV)
TiO2(P25) 2.65
CuxO/Ti02(0.1% Cu) 2.5
CuxO/Ti02 (0.4% Cu) 2.32
CuxO/Ti02 (1.0% Cu) 1.46
CuxO/Ti02(2.6% Cu) 1.81

5.4.2.4 Diffuse reflectance spectroscopy

The optical properties of the CuxO/ TiO2 samples were studied by UV-visible diffuse
reflectance spectroscopy. The absorbance for all the CuxO/ TiO2 and TiO2 samples was
calculated from the collected spectra using the Kubelka-Munk function (procedure
explained in section 3.3.3.6 Ultraviolet-visible diffuse reflectance spectroscopy). The
results showed a slight increase in visible light absorption for the samples modified with
CuxO, which has been reported in literature as one of the reasons for enhanced
photocatalytic and photoelectrochemical performance after the modification of TiO2 with
CuxO [4,19]. To estimate the band gap energy of the different samples, the Tauc plot was
employed (Figure 5-15). For a better estimation, a baseline was introduced to intercept
with the linear fitting [20]. The obtained band gaps were: 3.19 eV, 3.16 eV, 3.12 eV, 3.12
eV and 3.24 eV for TiO2(P25), CuxO/TiOz2 (0.1% Cu), CuxO/Ti02 (0.4% Cu), CuxO/TiO2
(1.0% Cu) and CuxO/TiOz2 (2.6% Cu) respectively. The shift ranged from 0.05 eV to 0.07
eV (Figure 5-15) with the biggest shift obtained with CuxO/TiO2 (0.4% Cu) and
CuxO/TiO2 (1.0% Cu) (results summarised in Table 5-3). The use of UV-vis spectroscopy
to determine the optical band gap can result in considerable deviations caused by the
absorption of non-interacting optical states. The band gap value extracted from the Tauc
plot depends on the use of a function that matches the electronic transition and a sufficient
film thickness. Since the samples contain anatase, rutile and copper oxide materials,
neither direct nor indirect fit can precisely describe all states, possibly causing deviations
in the optical data treatment. However, the observed red shift with a value of around 0.1
eV matches with previous works in CuxO modified TiO2 reported in literature and DFT

simulations [4,19].
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Figure 5-15. Tauc plot for CuxO/TiO2 and TiO2 samples considering an indirect band
gap.
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Table 5-3. Estimated band gaps obtained from Tauc plots.

Sample Estimated band gap (eV)
Intercept with baseline
TiO2(P25) 3.19
CuxO/Ti02(0.1% Cu) 3.16
CuxO/Ti02(0.4% Cu) 3.12
CuxO/Ti02(1.0% Cu) 3.12
CuxO/Ti02(2.6% Cu) 3.24

5.4.3 Photoelectrochemical characterization

Photoelectrochemical characterization experiments were performed with a dual purpose
i.e., as analytical tool to gain fundamental knowledge into the modified TiO2
nanoparticles, as well as, evaluating its use as photoanode under the action of an

externally applied electrical field.
5.4.3.1 Spectral photocurrent response

To study the possible improvement in light absorption due to the surface modification of
TiO2 with CuxO clusters, spectral photocurrent response measurements were performed

(Figure 5-16).

The samples in this study are a combination of P25 which is formed by 20% rutile and
80% anatase, and the copper clusters which are present in different oxidation states (Cu20
and CuO). The approximated reported band gap for rutile is 3 eV and for anatase 3.2 eV,
which translates to light absorption up to wavelengths of 413 nm and 387 nm respectively
[21]. While for Cu20, reported values vary between 2.0-2.5 eV, which equals to light
absorption until wavelengths of 495 nm or 619 nm [22]. For CuO, the reported bad gap
values vary between 1.3 and 1.7 eV, with wavelength up to 729 nm or 953 nm reported
[22]. A previous work by Sharma et al. studied the spectral photocurrent response of a
photoanode formed by Cu2O/P25, reporting a spectral photocurrent response up to 500
nm. In contrast, the present study found no observable photocurrent response for
wavelengths > 420 nm (Figure 5-16). Therefore, the effective band gap values obtained
through spectral photocurrent measurements differ from the optical band gap obtained

through diffuse reflectance spectroscopy.
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The spectral photocurrent response results exhibited a higher photocurrent for TiO2 than
for the modified samples up to a wavelength of 360 nm. In this range (280 nm — 360 nm),
the lowest photocurrent was obtained with the sample containing the highest Cu loading
(2.6 %), and the highest photocurrent was achieved with the sample containing a loading
of 0.4 wt.%. These results showed how the addition of CuxO clusters have a negative
effect in the photocurrent generation for wavelengths between 280 nm and 360 nm, with
a lower number of photogenerated electrons reaching the conductive substrate once CuxO

is added.
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Figure 5-16. Spectral current response at fixed potential of + 1.0 V with
monochromatic irradiation (280 nm to 420 nm). Io (280-420 nm) = 44 W m™.
Electrolyte = 50 mM KClOa.

On the contrary, at wavelengths from 360 nm to 420 nm the CuxO modified TiO2 samples
showed a higher photocurrent when compared than the unmodified TiO: electrode. For a
better study of the region 380nm and 390 nm, further experiments were performed with
fixed monochromatic irradiation and an increased time of dark current stabilisation before

the measurement, the results from these experiments are shown in Figure 5-18 and Figure
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5-19. At these wavelengths, all the CuxO modified samples showed a higher photocurrent
than Ti0O2, with the highest photocurrent response corresponding to the sample with a Cu
loading of 1.0 wt.%. This could indicate that the CuxO clusters are providing
photogenerated electrons to the TiO2 or conductive substrate or improving charge

separation lowering recombination.

Moreover, Figure 5-18 and Figure 5-19 showed a different photocurrent transient
response for the electrodes modified with CuxO compared to TiO2. A schematic
representation of photocurrent transient response for a typical n-type semiconductor is
shown in Figure 5-17. In this process, the semiconductor is irradiated, generating
electron-hole pairs. For a single crystal n-type semiconductor, the holes migrate towards
the semiconductor/electrolyte interface where they can get trapped or participate in
oxidation reactions with species present in the electrolyte. The electrons migrate to the
back contact. In the typical photocurrent transient, the current then decreases until a
steady state is achieved, which could be an indication of the occurrence of recombination
processes [5]. In nanoparticulate electrodes, the electron hole pair separation is mainly
driven by diffusion, in contrast to single crystal electrodes where the formation of the
space charge layer occurs. For nanoparticulate semiconductor anodes, surface
recombination can occur when the holes accumulate at the semiconductor surface and
recombine with electrons from the conduction band. Another process which can
contribute to the current decay, is electrons from the conduction reducing the oxidized
species in the electrolyte. At light off, a cathodic peak may be observed as conduction

band electrons reduce holes trapped at the surface.

At wavelengths between 380 and 390 nm the TiO: sample showed a steady state
photocurrent after irradiation, which differs from the transient of the CuxO modified
samples, which in general showed a gradual photocurrent increase until achieving steady
state. In addition, the samples with CuxO loadings of 0.1 % and 0.4 %, in the oxidation
state Cu(I), showed an anodic peak whenever the irradiation was switched off. This peak
could indicate the transfer of electrons from the Cu20 the TiO2 or conductive substrate
once the irradiation is interrupted. Another interesting feature was observed in the spectral
photocurrent response transient at 390 nm for the sample with loading CuxO (1.0%),
which has a mixture of both Cu20 and CuO. In this measurement, once the electrode is
irradiated, an anodic peak occurred which then decreased and then showed a gradual

increase during the irradiation time. In addition, once the irradiation is stopped, a sudden
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decrease of current was observed followed by an anodic peak and a gradual decrease of
current in time. These suggests the differentiation of two distinguishable process, a faster
one which is seen right after light is switched on and off and a slower one which is gradual
in time. The fast one could be due the electron transport from the charge separation to the
conductive substrate, while the slower one, could be related to the transfer of electrons
between the different phases of TiO2 and CuxO which then reached the conductive

substrate.
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Figure 5-17. Schematic representation photocurrent transient response for a typical

single crystal n-type semiconductor. Image reproduced from [23].
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Figure 5-18. Photocurrent time response with monochromatic irradiation at 380 nm
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5.4.3.2 Photocurrent response at fixed potential

The photocurrent response from the surface modified TiO2 immobilized electrodes was
studied measuring the current at fixed potentials of 0.0, + 0.5 and + 1.0 V (Figure 5-20 to
Figure 5-22).

The deposition of CuxO clusters on the TiO2 surface led to a reduction in photocurrent
compared to pure TiO2 under applied potentials of 0.0 and + 0.5 V. This might indicate
that the presence of CuxO clusters enhances recombination or drives electrons to the
electrolyte, resulting in both cases in fewer electrons reaching the conductive substrate.
The sample with loading of 2.6 % and Cu (II) oxidation state consistently exhibits the
lowest photocurrent, while the highest photocurrent is observed with 0.4% loading and

Cu(I) oxidation state.

When applying a potential of +1.0 V the photocurrent obtained for all the CuxO modified
sample increased significantly. The sample modified with Cu(I) oxidation state and
loading of 0.1% reached a similar photocurrent than TiO2 while the sample modified with
Cu(I) with 0.4% loading exhibited a slightly higher photocurrent than TiO2 sample. These
results agree with the spectral photocurrent results studied in the previous section, since
it was seen how the addition of CuxO improved slightly the light absorption at
wavelengths from 370 nm to 420 nm, however, they did not extend absorption to

wavelength > 420 nm neither enhance the photocurrent obtained from 300 nm to 360 nm.

Therefore, it could be concluded that the modification of P25 nanoparticles with CuxO
clusters did not result in an enhancement the P25 properties when used as photoanode.
The addition of CuxO to TiO2 might form of a p-n junction between both semiconductors,
rectifying the current cathodically, with some electrons flowing to the electrolyte instead
of'to the conductive substrate, therefore reducing the observed anodic current. In addition,
the CuxO clusters might also slow the electron transfer to the conductive substrate and

provide higher interfaces for recombination for the photogenerated electrons and holes.
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Figure 5-20. Photocurrent response at fixed potential of 0.0 V. Electrolyte = 0.05 M
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Figure 5-21. Photocurrent response at fixed potential of + 0.5 V. Electrolyte = 0.05 M
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Figure 5-22. Photocurrent response at fixed potential of +1.0 V Electrolyte = 0.05 M
KClOs. Ip (280-420 nm) = 44 W m™.

5.4.3.3 Open-circuit potential (Eocp) and Open circuit Photopotential (Epho)

The effect that modifying TiO2 with CuxO clusters had on the Eocp and Epho was studied
and shown in Figure 5-23. The results obtained from the OCP measurements, revealed
the presence of four distinct regions. In this technique, as there is no applied bias, the
conducting substrate (in this case FTO) does not behave as electron sink as in the
photocurrent measurements. Therefore, the potential measured corresponds to the
potential of the conducting substrate equilibrated with the deposited TiO2 or CuxO/TiO2
layer. In the first region, the electrode is in steady state in the dark. In the second region,
which occurs when the semiconductor electrode is irradiated and in non-steady
conditions, the holes are either trapped at the interface or transferred to the solution with
a faster rate than electrons. Therefore, this process produces a surplus of negative charge
that causes a rise in the fermi level of the conducting substrate, until it equilibrates with
the quasi-Fermi level of the produced electrons of the photoanode, resulting in a negative
photo-potential [24]. In the case of the surface modified TiO: electrodes, two trends can
be observed for the different loadings. For the high CuxO loading content and a mixture
of Cu(I) and Cu(Il), electrons might be easily transferred to CuxO leaving the conduction

band of the TiOz, resulting in a photopotential less negative than for unmodified TiOx.
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On the other hand, for low loadings of CuxO and Cu(I) oxidation state, the holes are easily
transferred to the solution or the CuxO generating a higher excess of negative charge and
generating a more negative photopotential than unmodified TiO2. After some time, a
steady state under illumination is reached (Epho), representing region 3. Upon turning off
the irradiation, the electrode will eventually return to a steady state in the dark. The
duration of this transition varies depending on the redox processes occurring at the solid

electrolyte interface. The values obtained are summarized in Table 5-4.
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Figure 5-23. Open circuit potential for TiO2 and CuxO/TiO2 under dark and irradiation.
Io (280-400 nm) = 44 W m.2. Electrolyte = 0.05 M KClOa.

Table 5-4. Open-circuit potential and Open circuit photo-potential.

Sample FEocp Epho
TiO2 (P25) 0.156 -0.324
Cux0O(0.1%)/Ti02 -0.004 -0.584
CuxO(0.4%)/T102 0.096 -0.444
CuxO(1.0%)/Ti02 0.146 0.086
CuxO(2.6%)/Ti02 0.226 0.126
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5.4.4 Photocatalytic oxidation of urea

The photocatalytic performance of the CuxO modified TiO2 samples was evaluated for
the oxidation of urea and compared to the performance of unmodified TiO2 (P25) (Figure
5-24). The oxidation of urea was fitted to a zero order kinetic model, these results are

shown in Figure 5-25 and Table 5-5.

0.25 } ; % i

0.20 - i

0.15 - o

CUrea (mM)

e TiO,

01041 e Cu,0/TiO, (0.1% Cu
Cu,0/TiO, (0.4% Cu

e Cu,0/TiO, (1.0% Cu

0.05 7 Cu,0/TiO, (2.6% Cu

~— ~— ~— ~—

T T T T T T T T T T T T T T T
-50 0 50 100 150 200 250 300 350
Time (min)

Figure 5-24. Photocatalytic urea oxidation in time for different CuxO/TiO2, using 1000
W Xe lamp, under air bubbling.

Previous studies have reported urea showing small or no adsorption on the surface of
TiO2, being this a possible reason for not experiencing hole mediated oxidation [25]. In
the present study, no significant adsorption can be observed in the dark in either TiO2 or
CuxO/TiOz2 samples (Figure 5-24). The oxidation of urea has been reported to be primarily
driven by *OH radicals [26]. In urea, the C atom is in +4 oxidation state, and there is no
C-H extractable bond present, therefore, the *OH has been proposed to attack the -NHa,
resulting in a slow process when compared to the oxidation of other nitrogen waste as e.g.

formamide [26]. Pelizzetti et al. reported a 60 % urea oxidation with a starting
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concentration of 0.83 mM using and 0.5 g/L of TiO2 as photocatalyst [27]. Park et al.

reported the enhancement in urea oxidation using Pt modified TiO2 photocatalysts when

compared to TiO2 [25].

Co-Ct(mM)

0.20
{| e TiO,
0184 o Cu,O/TiO0,(0.1% Cu)
0.16 - Cu,0/TiO,(0.4% Cu)
{1/ e Cu,0ITiO,(1.0% Cu)
147 Cu,0/Ti0,(2.6% Cu) .
0.12
0.10 o P
0.08—- /// . )
0.06 - L
0.04
0.02 - A
4 /////’ 7--'_-7--77--7‘.
’//’/ 77--_-77>7'_7__7__
0.00 =—r—=7—0— T T T T
0 50 100 150 200 250 300
Time (min)

Figure 5-25. Linear 0-order fitting for the photocatalytic urea oxidation in time for

Table 5-5. Rate constant and R-square (COD) for urea oxidation.

Sample
TiO2 (P25)
CuxO(0.1%)/T102
Cux0(0.4%)/T102
CuxO(1.0%)/TiO2
CuxO(2.6%)/TiO2

different CuxO/Ti0:sa.

k (mM min)
3.3.10*
4.4.10*
5.7.10*
43.10°
1.5.10%

R2
0.9998
0.9950
0.9989
0.9905
0.9684
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Figure 5-26. Rate constant for photocatalytic urea oxidation vs the Cu loading (wt.%).

The results showed improved urea oxidation rates for the samples modified with
oxidation state Cu(I) and loadings of 0.1% and 0.4% when compared to unmodified
TiO2(P25) (Figure 5-26). However, the samples modified with mixtures of Cu(I) and
Cu(Il) and loadings of 1.0% and 2.6% exhibited worse performance than TiO2(P25)
(Figure 5-26). The best performance was obtained with the sample CuxO/TiO2 (0.4%)
with an oxidation rate of 5.7.10*mM min™! which is 1.7 better than for TiO2 (3.3.10* mM
min). In addition, the sample modified with just 0.1% of loading also showed a rate of
4.4.10% mM min' which is 1.3 better than for TiO2. This suggest that surface
modification with Cu20 in low loadings enhances the charge separation and contributes
to lower the recombination charge carriers, showing improved oxidation of urea.
However, the presence of higher CuxO loadings (> 1wt.%) which are present with
different copper oxidation states result in a poor photocatalytic performance. This could
be due to the CuO providing recombination centres for the photogenerated charges, worse
stability occasioned by the oxidation and reduction between both Cu oxidation states or
high loading creating shielding effect, which reduces the light absorption of TiO2 and
photogenerated charges generated. When comparing the samples with Cu loadings of 1
wt.% and 2.6 wt.%, the worse performance is obtained with the loading of 1 wt%. This
could be due to the 52 at.% of Cu20 and 48 at.% CuO present in the clusters compared to
the 87 at.% found in the clusters with loading 2.6 wt.%.
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The use of CuxO modified TiO2 has been reported for the oxidation of other wastes
[3,4,28]. Feng et al. reported the use of Cu20 modified TiO: fabricated using photo-
deposition for the oxidation of ammonia. The study showed an increased ammonia
oxidation with the addition of Cu20 clusters [29]. Benz et al. studied the photocatalytic
degradation of organic dyes using Cu2O modified TiO: fabricated through ALD [3]. The
study showed an oxidation rate of 2 times the P25 at 0.4 wt.% loading, with loadings
higher than 1.2 wt.% showing worse oxidation rate than P25. Saedy ef al. used ALD
modified TiO2 with Cu20 clusters for the photocatalytic production of hydrogen from
ethanol [4]. The study showed highest H2 production with 2 wt.%.

The surface modification of TiO2 with CuxO clusters did not show any enhancement when
used as a photoanode compared to unmodified TiOz, therefore, no products quantification
was performed for these experiments The CuxO modified TiO2 showed improved
photocatalytic activity for the oxidation of urea. This was probably due to the
improvement in charge separation which lowers the recombination of photogenerated
electron-hole pairs. However, the performance of the surface modified TiO2 was found

to be dependent on the loading and the degree of oxidation of the copper clusters.

In addition, the photoelectrochemical measurements showed that the best performance
between the modified samples was achieved with the sample with 0.4 wt.% loading,

which was also the best performing sample for photocatalysis.
5.5 Conclusions

The use of particle suspension ALD resulted on the deposition of CuxO nanoclusters with
a narrow particle size and controlled loading onto TiO2(P25) substrate. The particle size
distribution and loading were studied by the use of ICP and TEM. In addition, the XPS
revealed different Cu oxidation states for the different loadings, showing the presence of
Cu(I) and Cu(Il) for higher loadings (>1.0 wt/%). The effect of the deposition of CuxO
clusters on the TiO2 band gap was studied by UV-DRS and VB XPS, with the results
suggesting a reduction in the TiO2 band gap. However, photoelectrochemical
characterization and determination of light absorbance differences using spectral
photocurrent response showed no increase in absorption to the visible region of the
spectrum for the CuxO modified TiO2, showing no effective band-gap reduction, in

contrast to the estimations obtained with the optical band-gap measurements.
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The surface modification of TiO2 with CuxO clusters did not enhance the
photoelectrochemical properties. However, the photocatalytic experiments showed the
deposition of CuxO on TiOz to have the ability to enhance the oxidation of urea, probably
due to the improvement in charge separation resulting in lower recombination. The
performance of the surface modified TiO2 was found to be dependent on the loading and
the degree of oxidation of the copper clusters. The best performing sample was the one
containing a Cu wt.% loading of 0.4 and oxidation state Cu(I), achieving 1.7 times the

oxidation rate of unmodified TiOxz.

Future studies should focus on the control of the Cu oxidation state during the ALD
synthesis process, to avoid further oxidation to Cu(Il) at higher loadings. In addition, the
long-term stability of the photocatalysts and the possible oxidation and reduction of the
Cu during the photocatalytic reaction should be assessed. Besides, further work could
explore the use of photoelectrochemistry for the evaluation of semiconductor
heterojunctions as p-n or n-p, studying their photocurrent response to chopped

illumination.
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The contents of this chapter have been published in part in “Rioja-Cabanillas, A.,
McMichael, S., Tolosana-Moranchel, A., Alkharabsheh, S., Skillen, N., Fernandez-
Ibanez, P., Byrne, J. A. (2023). Solar photoelectrocatalytic oxidation of urea in water
coupled to green hydrogen production. Journal of Cleaner Production, (2023) 138200.
https://doi.org/10.1016/j.jclepro.2023.138200”

6.1 Aim and Objectives
6.1.1 Aim

The overall objective of this work is to fabricate tungsten oxide (WOs3) nanostructured
photoanodes and assess their performance for the oxidation of urea with simultaneous
hydrogen production. The photoelectrochemical performance was compared with P25

(TiO2) as benchmark.
6.1.2 Objectives
The specific objectives of this research are the following:

e Fabrication nanostructured WO3 photoanode.

e Analysis of material properties of the fabricated electrode e.g.
morphology, chemical composition, crystalline phase and optical
properties.

e Evaluation of photoelectrochemical response of the WOs3 electrode and
comparison to TiO2(P25) as benchmark.

e Study of the photoelectrochemical performance of the electrodes in the
presence of urea.

e Determination of IPCE efficiency in presence of urea.

¢ Evaluation of the use of WO3 for the oxidation of urea compared to TiO2
in scaled-up customized photoelectrochemical cell and determination of
oxidation kinetics.

o Identification of all products from the oxidation of urea.

e Assessment of use of one or two compartment cell on urea conversion and

byproducts.
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e Detection and quantification of hydrogen produced at the cathode in a two
compartment PEC cell
e [Evaluation of hydrogen production performance parameters as Faradaic

and Solar to hydrogen conversion efficiencies.

6.2 Introduction

Coupling the photoelectrochemical oxidation of organic and inorganic compounds to the
production of hydrogen is an interesting approach to recovering energy from, and with
the simultaneous treatment of, wastewater. Among the different semiconductors, TiO2
has been widely used due to its high photo-activity, low cost and good chemical and
thermal stability. While TiO2 has been studied for a range of diverse applications
including hydrogen production [1] and degradation of organic pollutants [2], there are
fewer examples for the photocatalytic oxidation of urea [3—5]. In addition, TiO2 has a
wide bandgap (3.2 eV), only absorbing 4% of the total solar irradiation. Alternatively,
WOs has been proposed as a promising alternative to TiO2, due to its narrower band gap,
which extends into the visible region of the solar spectrum. It also presents good stability
and charge carrier mobility, and resistance to photo-corrosion [6]. WOs3 photoanodes have
been widely studied for water splitting [7], however to date, only few works have

investigated urea oxidation [8—10].

A variety of WOs nanostructures have been studied, including 1-D structures as
nanotubes or nanowires and 2-D structures as nanoplates or nanosheets [7]. WO3 2-D
structures have showed high photocurrent due to shorter charge diffusion length and
exposed highly reactive facets [11-13]. Some of these nanostructures have been
fabricated by anodization of W foil, with the foil acting as the conductive substrate.
However, when using non-transparent substrates with front-face configuration in
wastewater applications, the irradiation can be attenuated by the water matrix. Therefore,
the use transparent conductive substrates as fluorine doped tin oxide (FTO) or indium
doped tin oxide (ITO) is beneficial. WO3 nanostructures synthesized using sol-gel or
hydrothermal methods followed by an immobilization step into the conductive substrate
have been studied [7]. Alternatively, it is also possible the in situ synthesis of
nanostructures on the conductive substrate using hydrothermal method, resulting in a

simple one step process.
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While most photoelectrochemical works have focused on either hydrogen production
from water splitting or on the degradation of pollutants, only limited studies have
investigated the production of energy coupled with wastewater treatment. In 2006,
Kaneko et al. demonstrated the possibility of generating electricity by decomposing
different pollutants (including urea) using a TiO2 photoanode and a O2-reducing cathode.
Since then, very few studies have highlighted the recovery of energy in the form of
electricity [15] or Hz from urea using TiO2 based photoanodes [16,17]. The low photo-
current densities reached using TiO2 under simulated solar irradiation, however, limit the

applicability of this approach.

The aim of this work is to showcase the simultaneous photoelectrochemical oxidation of
urea and the production of hydrogen using a WO3 photoanode with a platinized titanium
cathode in a two compartment photoelectrochemical cell. The photoelectrochemical
behaviour of WO3 was compared to TiO2 as benchmark. Urea oxidation kinetics and
product distribution were investigated using two custom-made photoelectrochemical
cells. The findings presented in this study demonstrate the proof of concept of oxidizing
common pollutants present in wastewater as urea, coupled to the simultaneous generation

of hydrogen in a photoelectrochemical cell.
6.3 Experimental Methodology
6.3.1 Photoanode fabrication

The TiO2 photoanode was fabricated by the immobilization of commercial Evonik
Aeroxide P25 on a fluorine doped tin oxide (FTO) coated glass using spray coating,
achieving a desired loading of 1 mg cm™. The WO3 photoanode was synthesized directly
on the FTO glass using a hydrothermal method [18]. For the photoelectrochemical
characterization experiments, FTO glasses with a size of 2 x 1.5 cm were employed. The
electrical contact was made by attaching a copper wire to an uncoated section of the FTO
employing silver epoxy. A negative photoresist was use as insulator of the contact and
any area of the conductive substrate not covered with semiconductor. (Detailed

fabrication methods are given in Chapter 3, 3.3.2 Electrode fabrication).
6.3.2 Material characterization

The surface morphology of the photoanodes was characterized using scanning electron

microscope (Hitachi SU500 FE-SEM) with an accelerating voltage of 10 kV and a high
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vacuum pressure of 10 bar. The size of the nanoparticles was determined using the

software ImageJ averaging more than 50 measurements.

The elemental composition of the electrodes was determined by X-ray photoelectron
spectroscopy (XPS) (Kratos Axis Ultra). The wide energy survey scans (WESS) were
measured for all samples in the binding energy range of 0-1250 eV, with a pass energy of
160 eV. High resolution (HR) scans of each target element (C, Ti, W and O) were
recorded with a pass energy of 14.2 eV.

The crystalline phase of the WO3 photoanode was characterized using X-ray diffraction
(XRD) (Malvern Panalytical) with Cu Ko (A= 1.560 A) radiation at a scanning angle
between 20" and 70"

The UV-vis diffuse reflectance spectra were measured with a LAMBDA 365 UV/Vis
spectrometer (PerkinElmer) equipped with an integrating sphere and the optical band gap
was estimated using the Kubelka-Munk method.

6.3.3 Electrochemical characterization

The photoelectrochemical characterization was performed using an electrochemical
workstation (AUTOLAB PGSTAT 30) and a 450 W Xe lamp (Horiba Jobin Yvon FL-
1039/40, Figure 3-1) equipped with a monochromator (Horiba Jobin Yvon microHR), a
chopper (Uniblitz) for interrupted irradiation and an infra-red (IR) filter. In each
photoelectrochemical measurement, the photoanode was used as the working electrode
with a Pt mesh as counter and a saturated calomel electrode (SCE) as reference. The
experiments were performed in a 30 mL one compartment cylindrical cell made of quartz

glass, using 0.05 M KClOs4 as electrolyte.

The linear sweep voltammetry (LSV) and spectral photocurrent were performed to
evaluate the performance of the photoanodes under different potential and spectral
conditions. In the LSV, a scan rate of 5 mV s was used. The spectral photocurrent
response measurements were performed from a wavelength ranging from 280 nm to 500
nm in steps of 10 nm with chopped irradiation intervals of 20 s and a fixed potential of
+1 V vs SCE. The incident photon to current efficiency (IPCE) was determined using
Equation (3-4) described in Chapter 3, section 3.3.4.2 Photoelectrochemical

characterization.
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6.3.4 Urea degradation and hydrogen production experiments

For these experiments custom-made 3D printed cells with one and two compartments
were used (Figure 3-6 and Figure 3-7). A commercial platinized (2.5 £ 0.3 um) titanium
mesh was used as cathode. The cells were equipped with septum ports to facilitate the
extraction of liquid samples using syringes. The one-compartment cell, shown Figure 3-
6, had a total volume of 33 mL and an electrode separation of 10 mm. In the two-
compartment PEC cell (Figure 3-7), a Nafion membrane, placed between two silicon
gaskets, was used to separate the anolyte from the catholyte. Each compartment had a
volume of 33 mL and the distance between electrodes was 15 mm. The electrolyte
consisted of 0.05 M KCIO4 and known concentrations of either urea, nitrate or ammonium
with an initial pH of 6.2. The starting concentration of urea was adapted to the capabilities

of the detection method.

The irradiation source was a 1000 W Xe lamp (Quantum Design, Figure 3-1). A power
supply (PHL120 DC Aim-TTi) was used to provide the external electrical bias and

multimeters were used to record the potential and current (1351 Data precision).

The quantification of the N-species in aqueous phase including, NH4", NOs", NO2™ and
urea was performed following the spectrophotometric methods described chapter 3,
section 3.3.5 Quantification of reactants and products. The detection of hydrogen gas was
performed using a gas chromatograph (GC - Agilent Technologies 7280 A) equipped with
a thermal conductivity detector (TCD). Gas samples with a volume of 0.1 mL were
injected into the GC using a gas tight syringe. The quantification of the total volume of
gas produced during the urea degradation experiments was carried out by water
displacement through a gas tight connection of the catholyte headspace to an inverted
graduated cylinder. The gas generated in the cathode compartment was collected in a
Tedlar sampling bag (Restek). Before performing experiments, the catholyte
compartment was purged for 20 min with N2 gas to remove the oxygen from the

electrolyte.
6.4 Results and Discussion
6.4.1 Material Characterization

SEM was performed to analyse the surface morphology of the WOs electrode (Figure 6-

1). The image at low magnification shows he FTO glass to be uniformly covered with a
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plate-like structures. The high magnification image shows the plate-like structure with an
average plate length of 1000 nm and average thickness of 200 nm. SEM images for the
electrode formed by P25 were presented and studied in Chapter 4, section 4.4.1 Electrode

morphology. These images are again given in Figure 6-1 for the purpose of comparison.

SUS5000 10.0kV 9.3mm x20.0k SE(L) 2.00um | SU5000 10.0kV 7.5mm x180k SE(L) " 3000m’

Figure 6-1. SEM images and for the WOs3 electrode at 2k magnification (left top) and
40 k magnification (top right) and the P25 electrode at 20 k magnification (left bottom)
and 180k magnification (right bottom).

The XRD patterns of the WO3 grown film after calcination are shown in Figure 6-2, with
the FTO glass patterns also shown for easier identification of WOs3 peaks. All the
diffraction peaks of the WOs plates agree well with the monoclinic crystal phase of WO3,
(PDF no.43-1035) with lattice constants of a=7.297, b=7.539 and c=7.688 A.
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Figure 6-2. XRD patterns of FTO and WO:s.

The chemical composition of both photoanodes was analysed by XPS. The survey spectra
(Figure 6-3) showed the presence of Ti, O and C on the TiO: electrode and W, O and C
on the WOs electrode, with no significant contamination. The Ti 2p spectra corresponding
to the TiO2 photoanode shows the clearly defined Ti(IV) 2 p32 peak located at a binding
energy (BE) of 458.6 eV, and the Ti 2p12 at 464.3 eV, separated by 5.7 eV (Figure 6-4)
[19]. The observed Ti*" confirms, with the corresponding O 1s component, the presence
of TiO2. Additionally, the doublet 2p32 and 2pi2 located at BE of 457.2 and 461.6
respectively, reveals a minor contribution from the lower oxidation state (+3) due to
oxygen vacancies [20]. The W 4f spectra of the WO3 photoanode shows two main peaks
separated by 2.2 eV and attributed to the doublet W 4f72 and 4fs. (Figure 6-5). These
contributions positioned at BE of 35.8 eV and 38 eV, are characteristic of the electronic
state of W®" in WO3. Moreover, the presence of two minor contributions at slightly lower
BE of 34.6 eV and 36.9 eV can be attributed to the doublet 4f72 and 4fs> from the
electronic structure of W>*, originated by the presence of oxygen vacancies [21,22]. In
addition, the Ols XPS spectra from WO3 was fitted and deconvoluted into three peaks at
binding energies of 530.4 eV, 531.6 eV and 532.4 eV (Figure 6-6). The most intense
peak is attributed to lattice oxygen (O2") in WOs. The peak at binding energy of 531.6 eV
could be associated to Oz in the oxygen deficient region within WO3 [23-25]. While the
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peak at binding energy of 532.4 eV corresponds to the H2O species on the surface of
WOs.
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Figure 6-3. XPS survey spectra for a) TiOz electrode and b) WOs electrode.
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Figure 6-4. XPS spectra corresponding to Ti 2p for the TiO2 photoanode.
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The optical band gap energies were estimated from the diffuse reflectance measurements
using the Tauc plots shown in Figure 6-7. An optical band gap of 3.2 eV was obtained for
the electrode formed by P25 deposited on FTO, which agrees with previous literature
values of 3.2 eV for anatase and 3.0 eV for rutile, with P25 being a mixture of 80% anatase
and 20% rutile [2]. The optical band gap for the WOs plates grown on FTO was 2.7 eV
which, correlates to previously reported values for WO3 nanostructures of 2.5-2.8 eV

[2,26,27].
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Figure 6-7. Tauc plots for the TiO2 photoanode (black) and the WOs3 photoanode (blue).
6.4.2 Photoelectrochemical characterization

The photoelectrochemical characteristics of the fabricated electrodes were evaluated by
LSV under chopped irradiation, spectral photocurrent response and IPCE. The current
response of both anodes was measured in a potential ranging from 0 to + 1.5 V vs SCE
(Figure 6-8). The TiO2 photoanode showed a photocurrent density of 40 uA cm™, which
is stable in the studied potential range, while the WO3 photoanode showed an increasing
photocurrent density, reaching a saturation current density of 402 pA cm™? at+ 1.5 V. The

maximum current value obtained with WO3 is 10 times higher than the one measured
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with TiOz. Different current densities have been reported for different WOs3 structures,
varying from 150 pA cm? to 2500 pA cm™[2,26,27], while reported values for P25
photoanodes vary from 1 pA cm™ to 1000 pA cm™[17,33-37]. A direct comparison of
these values is unfortunately not possible due to the different experimental conditions,
such as the radiation intensity, spectral output of the irradiation source, the electrolyte and

the photoelectrochemical cell design.
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Figure 6-8. Linear sweep voltammograms under chopped irradiation, working window:
0 to +1.5 V, scan rate = 5 mV s!. I (280-500 nm) = 178 W m™. Electrolyte = 50 mM
KClO4 with (dash) or without 6.6 mM urea (solid).

To study the current response of both photoanodes in time, amperometry measurements
in presence of urea for both electrodes were performed and are shown in Figure 6-9. Both

photoanodes remain stable for the studied time range.
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Figure 6-9. Chronoamperometry under chopped irradiation for prolonged time period,
To (280-500 nm) = 178 W m™. Electrolyte = 0.05M KC1O4 and 6.6 mM urea. Applied
potential for TiO2 +1.0 V vs SCE and for WO3 +1.5 V vs SCE.

To study the electrode behaviour at negative potentials and measure the onset
photocurrent potential, a LSV performed from -1.0 to +1.5 V vs SCE (Figure 6-10) is
used, for TiO2 photoanode the onset potential for anodic current was -0.6 V vs SCE, while
for WO3 the onset potential for anodic current was + 0.15 V vs SCE. The critical band
bending (Js) is the difference between the onset potential (close to flat band Ef) and the
potential required to obtain the maximum or saturated photocurrent (where all charge
carriers are separated). For TiO2 s is around + 0.5 V (Figure 6-10) while for the WO3
the photocurrent continues to increase asymptotically up to+ 1.5 V (Jds ~ 1.35 V), but a
much larger photocurrent is observed. Multiple factors can account for the better
performance of the WO3 photoanode at more positive potentials, compared to the TiOx.
The plate-like structure of WO3 presents a direct pathway for the photogenerated charges
to the current collector [27,38]. On the other hand, the TiO2 photoanode has a porous
structure formed from P25 independent particles. This structure limits photogenerated
charge transfer efficiency through the particles and to the collector electrode (FTO glass),

increasing the interparticle charge recombination [39,40].
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Figure 6-10. Linear sweep voltammograms under chopped irradiation, working
window: -1.0 to +1.5 V, scan rate = 5 mV s!. Iy (280-500 nm) = 178 W m™. Electrolyte
=50 mM KClOs.

In addition to morphological differences, when comparing the spectral photocurrent
response (Figure 6-11), WO3 showed a superior photocurrent density than TiO2, at any
point in the spectrum. Furthermore, WO3 exhibited visible light activity up to 470 nm
while TiO2 gave photocurrent up to 390 nm. These wavelengths correspond to an
effective bandgap of 2.63 eV for WOs and 3.18 eV for TiO2, which are consistent with
the optical band gap determined from the Tauc plots, and correlate to values previously
reported [1,2]. The IPCE efficiency of WOs peaks with 37% at a wavelength of 360 nm,
while TiOz peaks with 12 % at 340 nm (Figure 6-12). The IPCE values obtained for WO3
are in line with several studies using WO3 nanoparticulate photoanodes [28—30,38]. The
IPCE values reported in previous studies for P25 photoanodes vary widely (10 — 25 %)
[32-35], due to the different experimental conditions, including the electrode thickness,
immobilization process, electrolyte and testing conditions; nevertheless, the value

reported in this work is within the range reported in comparable studies.
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An increase in the photocurrent density due to the addition of urea was observed for both
electrodes, which may be attributed to the oxidation of urea via direct hole transfer or via
hydroxyl radical mediated hole transfer (Figure 6-10) both resulting in hole capture and
reduced rates of charge carrier recombination. The photocurrent magnitude depends on
the concentration of urea in solution. An increase in photocurrent due to the presence of
urea has been previously reported in two studies using TiO2 photoanodes. Kim et al.
(2012) reported a 3-fold increase in photocurrent with a concentration of 0.33 M urea [41]
and Pop et al. (2015) reported an enhancement varying from 15% to 35% with urea
concentrations ranging from 0.1 to 1 M [17]. In this work, with urea concentration of 6.6
mM, a 45% increase in photocurrent for the TiO2 photoanode is reported. Moreover, this
study also tested a WO3 photoanode in the presence of urea, observing a 25% increase in
photocurrent. The spectral photocurrent response was also measured in presence of urea
(Figure 6-11). For WOs the peak efficiency increased to 43% at a wavelength of 360 nm,
while TiO2 improved to 16% at 340 nm. Overall, the photoelectrochemical results showed
an improved performance for WO3, when compared to TiOz, which is attributed to an
increased light absorption range in the UV-vis due to the lower bandgap energy and an

enhanced pathway for the charge carrier migration.
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Figure 6-11. Spectral current response at fixed potential (+ 1.0 V vs SCE) with
monochromatic irradiation (280 nm to 500 nm). 7 (280-500 nm) = 178 W m™.
Electrolyte = 50 mM KClO4 with or without 6.6 mM urea.
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Figure 6-12. Incident photon-to-current efficiency (IPCE). Ip (280-500 nm) = 178 W m’
2, Electrolyte = 50 mM KClO4 with or without 6.6 mM urea.
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6.4.3 One-compartment cell: Urea degradation experiments

The performance of TiO2 and WOs3 photoanodes in the custom-made PEC cell (Figure 6-
13 and Figure 6-14) was investigated by varying the applied cell potential between the
photoanode and the platinized titanium mesh cathode. Simultaneously, the photoanode
potential was measured using a reference electrode as shown in Figure 6-15 and Figure
6-16. The current generated under irradiation by the TiO2 photoanode increases slightly
with increasing applied cell potential (Figure 6-15 and Figure 6-16), for the dark current,
breakdown was observed at a potential of +1.2 V. The chosen operating cell potential for
TiO2 was +1.2 V with a photoanode potential of +1.14 V vs SCE, as this was the point of

current saturation.

The saturation current for the WO3 photoanode was substantially higher than for TiOz,
however a greater applied potential is also required to achieve this current (Figure 6-16).
The breakdown current for WO3 photoanode is observed at a cell potential of + 2.5V,
corresponding to a photoanode potential of +1.55 V vs SCE. Under irradiation, for
increasing cell potential between + 0.5 and + 1.25 V (Figure 6-14), the anode potential
remains fairly constant (+ 0.31 to + 0.32 V vs SCE) (Figure 6-16). Similarly, in the dark
for cell potential between + 2.0 and + 2.5 V (Figure 6-14) the anode potential remains
between +1.79 to +1.81 V vs SCE (Figure 6-16). This trend is attributed to the
contribution of the cathode and the ohmic drop to the cell potential. The cell potential of
+ 2.4 V was chosen within the saturation region, corresponding to an anode potential of

+1.37 V vs SCE.

The current densities recorded using the one-compartment custom-made PEC cell (Figure
6-16) were higher compared to the quartz cell (Figure 6-8), in the whole range of the
applied potentials. This enhancement is caused by the design of the photoelectrochemical
cell (Figure 3-7), including lower reflective losses due to planar FTO compared to the

cylindrical water-jacketed quartz cell.
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Figure 6-16. Current for anode potential measured while varying cell potential for

WO3. One-compartment photoelectrochemical cell. Iy (280-500 nm) = 173 W m™.

Electrolyte = 50mM KCIO4 and 0.83 mM Urea.
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The activity of the TiO2and WOs3 photoanodes for urea removal was studied over a period

of 2.4 h (Figure 6-17). The experimental data are fitted to a pseudo-first-order kinetic

model (Figure 6-18), where Co is the initial concentration and C: the concentration

measured at time t. The obtained rate constant (k1) for WO3 is 1.47x102 min’!, is 15 times

higher than the one obtained for TiO2 (1.1x10° min). The TiO2 photoanode achieved

only 13% of urea oxidation while the WOs3 photoanode showed 90 % of urea oxidation

after 2.4 h.
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Figure 6-17. Normalized urea concentration vs time for TiO2 and WOs3 electrodes.

[Urea]o= 0.83 mM. Electrolyte = 0.05M KCl1O4. Iy (280-500 nm) = 173 W m.
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Figure 6-18. Negative natural log of normalized concentration vs time for TiO2 and

WOs.[Urea]o= 0.83 mM. Electrolyte = 0.05M KClOs. Iy (280-500 nm) = 173 W m™.
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Figure 6-19. Normalized urea concentration vs time for WO3 electrodes at open circuit
(OC) and with applied bias (AB). [Urea]o= 0.83 mM. Electrolyte = 0.05M KClOa4. Iy
(280-500 nm) = 173 W m.
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To further investigate the difference in performance between WO3 and TiO2, additional
experiments with the PEC in open circuit configuration (photocatalysis) were performed.
For WO3, the results showed urea removal rate constant of 3x10™ min™! which results in
less than 5% after 2.4 h (Figure 6-19). The negligible urea oxidation is due to the positive
conduction band edge potential of WO3 which is not negative enough to reduce molecular
oxygen to superoxide, leading to a build-up of photogenerated electrons and
recombination of charge carriers dominates. On the contrary, when a bias is applied,
electrons are driven to the cathode, and the recombination is reduced, leading to improved
performance. In the case of TiO2, (Figure 6-20), a rate constant of 5x10* min™! was
obtained at open circuit, with a decrease in urea concentration of 7%, showing just a small
difference between the open circuit and applied bias. The favourable position of P25-TiO2
conduction band edge enables the use of the photogenerated electrons to reduce molecular
oxygen, with the holes being used for urea oxidation [2]. However, when a bias is applied,
the morphology of P25-TiO2 hinders electron transfer, and favours surface
recombination. This recombination hampers TiO2 photoanode performance in

comparison to WO3, as discussed in section 6.4.2 Photoelectrochemical characterization.
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Figure 6-20. Normalized urea concentration vs time for TiOz electrodes at open circuit
(OC) and with applied bias (AB). [Urea]o= 0.83 mM. Electrolyte = 0.05M KCIOa4. Iy
(280-500 nm) = 173 W m™.
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Figure 6-21. Normalized urea concentration vs time for 5 consecutive experiments with
the WOs electrode. [Urea]o= 0.83 mM. Electrolyte = 0.05M KClOa. Iy (280-500 nm) =
173 W m?,

The reusability of the WO3 photoanode for urea oxidation is studied over 5 consecutive
cycles each 2.4 h, as shown in Figure 6-21. The photoanode reveals similar activity with
urea oxidation rates ranging from 1.47x10? min' to 1.2x10? min!, with the
concentration decrease varying by between 90% and 82% at the end of each cycle. Only

a slight decrease can be observed in the last cycle after 12 hours.

The analysis of the time distribution of the nitrogen ionic species present in the solution
from the oxidation of urea in the custom-made one-compartment PEC cell reveals that
the prevalent species are NH4" and NOs’, reaching up to 0.86 mM and 0.70 mM,
respectively at the end of the experiment, and nearly non-detectable concentrations of
NO2 (8x107 mM) (Figure 6-22). The totality of the quantified N-ionic species balances
the nitrogen content in this process, suggesting that no N2 gas or other aqueous N-species

were originated from the oxidation of urea under these conditions (Figure 6-22).
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Figure 6-22. Concentration of NH4", NO3™ and NO2" vs time in the one-compartment
cell with WO3 photoanode under irradiation. [Urea]o = 0.83 mM. Electrolyte = 0.05M
KCl104. I (280-500 nm) = 173 W m™.

Hydroxyl radicals (*OH) have been reported to have a major role in the oxidation of urea
to form NO3™ and NH4" [3-5]. Previous studies described a detailed mechanism for the
photocatalytic oxidation of urea using TiO2 [3—5]. Pelizzetti et al. (2004) proposed a
mechanism for urea degradation using TiO2, where, one of the amino groups of urea
initially converts into a nitroso group and later to a nitro group by *OH [3].
Subsequentially, the nitroformamide is hydrolysed, releasing NOz" ions, which are rapidly
transformed into NO3™ by *OH [42]. The remaining carbamic acid, which occurs as a
zwitterion can undergo two different oxidation pathways. One of the possible pathways
is the oxidation to CO2 and NH20H by *OH radicals, NH2OH undergoes further *OH
oxidation to NOz and NOs". The other possible pathway is the decomposition of carbamic
acid to form HCO3™ and NH3 by simultaneous *OH and e attacks. The molar ratio of NOs”
to NH4" is indicative of which reactions are favoured. NO3/NH4" ratios of 2 [4] and 1.9
[5] have been reported for photocatalytic degradation of urea using TiO2. Alternatively,

Kim et al. (2012) reported no NO3™ production in anoxic conditions, suggesting that the
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presence of Oz is essential for the generation of NOs™ from the photocatalytic degradation

of urea in TiO2 [41].

In this study, with the WO3 photoanode, the production of NOz in time peaks at 8x107
mM after 72 min and then decreases, indicating that NO:" is a reaction intermediate
(Figure 6-23), which is consistent with the proposed rapid oxidation of NO2  to NO3™ [42].
However, a higher molar concentration of NHs" than NO3™ was obtained with a ratio of
0.81 [NO3)/[NH4"], which deviates from the previously obtained results in photocatalytic
tests using Ti10z2 [4,5]. This suggests that even though the urea oxidation via *OH radicals
in solution could follow the pathway proposed by Pelizzetti et al. (2004), there might be

another mechanisms contributing to preferential decomposition to NH4" [3].
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Figure 6-23. Concentration of NO2™ vs time during oxidation of urea with WO3 under
irradiation in the one-compartment cell. /o (280-500 nm) = 173 W m2. Electrolyte =
0.05M KClIOs4. [Urea]o= 0.83 mM.

To gain knowledge depth on the mechanism and potential side reactions, the reduction of
NO;s™ to NH4" at the cathode, or by conduction band electrons at the photoanode, was

investigated by performing experiments starting with a 0.55 mM NOs™ solution. The

201



Chapter 6. Tungsten oxide photoanodes for the oxidation of urea coupled to simultaneous hydrogen
production

results show that 25% of the NO3™ was converted to NHa" (Figure 6-24), confirming the

viability of this reduction reaction in the final product distribution.

Similarly, to obtain more insight into the possible oxidation of NH4" to NOs™ and its role
in the main mechanism, experiments starting with a 0.58 mM NH4" solution were
performed (Figure 6-25). The results proved that NH4" was not oxidized under these
experimental conditions. Several studies have reported the oxidation to occur only when
the un-ionized form ammonia (NH3) is predominant for which the pH needs to be higher
than 9.25 (pKa) [43—45]. In the pH used in this study, the protonated form ammonium
(NH4") will predominate.
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Figure 6-24. Evolution of NOs™in time and conversion to NHa " ([NO37]o= 0.55 mM).

One-compartment cell. WO3 photoanode. o (280-500 nm) = 173 W m™. Electrolyte =
0.05M KClOsa.
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Figure 6-25. Evolution of NH4 * in time. ([NHa"]o= 0.58 mM). One-compartment cell.
WOs3 photoanode. /o (280-500 nm) = 173 W m™. Electrolyte = 0.05M KClOsa.

6.4.4 Two-compartment cell: Urea degradation coupled to hydrogen production

In order to couple the production of hydrogen with the degradation of urea a two-
compartment gas tight PEC cell was designed, with the compartments separated by a
proton exchange membrane (Figure 3-7). This configuration was chosen to separate the
H:z gas evolving at the cathode from the possible gases produced at the photoanode, as
well as to eliminate the potential reduction of urea intermediates in the cathode. The two-
compartment cell was tested using a WO3 photoanode as it was the best performing

photoelectrode in the initial experiments.

An operational cell potential of 2.4 V, was chosen to perform the experiments in the two-
compartment cell since no considerable increase of photocurrent was observed above this
potential (Figure 6-26). The cell potential of 2.4 V corresponds to a potential at the
photoanode of +1.15 V vs SCE (Figure 6-27). The current generated from WOs3
photoanode under irradiation and in the dark were plotted against potential of cathode vs
SCE (Figure 6-28). For the chosen working applied cell potential of +2.4 V, the potential

measured between cathode and reference was -1.0 V vs SCE.
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Figure 6-26. Current vs cell potential for WO3. Two-compartment photoelectrochemical
cell. 1o (280-500 nm) = 173 W m™. Anolyte electrolyte= 0.83 mM Urea and 50 mM
KCIOa4.

—
n

WO, Light
® WO, Dark

-
N
1

Current density (mA.cm™)
5 5 = b5

o
N
1

I
i.

1.0 | 1.5 2.0
E (V) vsSCE

Figure 6-27. Anode potential vs SCE for different applied cell potentials. 7o (280-500

o
o
o
()}

nm) = 173 W m™. Anolyte electrolyte= 0.83 mM Urea and 50 mM KClOs4.

204



Chapter 6. Tungsten oxide photoanodes for the oxidation of urea coupled to simultaneous hydrogen
production

o1 . Eiath ° ® ®
9 e o L
-5 °
< o
é-m—
c
)
= -15
S
@)
-20
_25_
T T T T T T

-1.2 | -1.0 -0.8 | —0I.6 | -0I.4 | -0I.2 | 0.0 0.2 | 0.4
E (V) vs SCE

Figure 6-28. Cathode potential vs SCE while cell potential is varied. /o (280-500 nm) =

173 W m. Catholyte electrolyte = 50 mM KClOs4.

In the two-compartment cell, a urea removal rate constant of 1.34x102 min™! was
obtained, with 86 % decrease after 2.4 h in the anolyte compartment (Figure 6-29). This
slight reduction compared to the 1.47x102 min' (90 %) obtained with the one-
compartment cell is attributed to the reduced photoanode potential. Simultaneously, the
production of H2 gas was studied at the catholyte compartment. Hydrogen production
reached 3.09 x10"! mmol after 1 h irradiation and was confirmed by GC-TCD. This would
result in an average 309 umol h™! rate if a zero order Hz production rate is assumed. This
corresponds to a faradaic efficiency of 87.3 %, calculated considering the theoretical
moles produced by the recorded current during this hour, 3.54 x10"' mmol (Equation

(3-5), Chapter 3).

The solar-to-hydrogen conversion efficiency (STH) was calculated by comparing the
energy content of the produced hydrogen with the energy supplied by the simulated solar
light source (section 3.3.4.1, Figure 3-1). Using 237 KIJ for the energy content of 1 mol
of hydrogen and with photoanode area of 19.6 cm?, an efficiency of 1.1% was obtained
(Equation (3-6), Chapter 3). Even the calculated value might seem low, it is important to
consider that the maximum theoretical STH for WOs is just 4.5% [46]. Raptis et al. (2017)
reported STH efficiency varying from 1.2-1.7% using WOs3 in presence of ethanol. It is

also important to consider that the presence of ethanol influences the STH because of its
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known current-doubling effect, which it is unlikely to be present in wastewater. Recently,
studies have reported the generation of hydrogen and urea oxidation using
photoelectrochemistry [48—50]. Bezboruah et al. (2023) reported the production of H>
when urea is present in the electrolyte [48]. This study used a Ni—TiO2/p-NDIHBT
photoanode and a Pt cathode in a one compartment cell, achieving a faradaic efficiency
of 83.3 % and STH efficiency of 0.34 %, when using a 0.5 M KOH electrolyte. Tao et al.
(2022) demonstrated the oxidation of urea linked to the production of H>. The study
achieved a H2 production rate of 128 pmol cm? h”! when employing a La-Ni-based
perovskite photoanode and a Pt cathode in a H-cell reactor with 1 M KOH [49]. In a
recent study, Tao et al. (2023) studied the oxidation of urea and hydrogen production,
reporting Hz rate of 200 umol h'! when using Ni2P clusters sensitized TiO2 nanotube
arrays photoanode (Ni2P/Ti02-NTAs) in a 1 M KOH electrolyte [50]. However, a direct
comparison of the performance with the present is not possible due to different
experimental testing conditions (as irradiation source, cell configuration and electrolyte).
In addition, these studies were performed at alkaline pH (13-14), which if used for
wastewater treatment, this process would require pH adjustment of the wastewater with

consumable chemicals before treatment and correction before discharge.

In the present study, both the anolyte and catholyte compartment were periodically
sampled to identify possible membrane crossover of species. Similar to the observations
drawn from the one-compartment cell experiments, the molar nitrogen balance was closed
by the summation of the products in solution from both compartments. The products were
mostly NH4" and NOs", with a small amount of NO2™ (Figure 6-29). Small amounts of
NH4" are detected in the catholyte compartment, suggesting some NHa" crossover
through the membrane. In the case of the two-compartment cell, the measured ratio of
NO3;/NH4" is equal to 0.76, in close agreement with the 0.81 observed in the one

compartment cell.

The NO2™ concentrations remained below 0.002 mM for the first half of the experiment
(Figure 6-30), before decreasing below instrumental detection limit (LOD~o2=2x10*
mM). To verify if the observed conversion of NO3™ to NH4" in the one-compartment cell
occurs at the cathode, additional experiments were carried out starting with an initial NO3"
concentration of 0.55 mM in the anolyte compartment. The concentration of NO3™ remains
unchanged throughout the duration of the experiments and no detectable concentration of

NH4" is found, indicating that the cathode is responsible for the conversion of NO3™ to
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NH4" in the one-compartment cell experiments (Figure 6-31). Additionally, experiments
with an initial concentration of 0.58 mM NH4" were performed, similarly to the one-

compartment cell no NH4" removal was observed (Figure 6-32).
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Figure 6-29. Degradation of urea and corresponding conversion to NH4", NO3™ and
NOz" using WOs3 photoanode. Two-compartment cell. [Urea]o= 0.83 mM. Electrolyte =
0.05 M KClIOa. Ip (280-500 nm) = 173 W m™.
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Figure 6-30.Evolution of NO2™ concentration in time during oxidation of urea with
WOs. Two-compartment cell. WO3 photoanode. Io (280-500 nm) = 173 W m™.
Electrolyte = 0.05M KClO4. [Urea]o= 0.83 mM.
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Figure 6-31. Evolution of NO3" in time ([NO3Jo= 0.55 mM). One-compartment cell.
WOs3 photoanode. 1o (280-500 nm) = 173 W m. Electrolyte = 0.05M KCIOsa.
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Figure 6-32. Evolution of NH4 * in time. ([NH4"Jo= 0.58 mM). Two-compartment cell.
WOs3 photoanode. /o (280-500 nm) = 173 W m™. Electrolyte = 0.05M KClOsa.
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This study has shown the potential of simultaneous photoelectrochemical urea oxidation
and hydrogen generation from wastewater. In order to progress from the laboratory scale
testing, further work in reactor design is needed. Specifically, a scale-up version of this
technology needs to be evaluated in further studies, together with testing with real
wastewater, to assess electrode fouling and long-term operation at these conditions. In

addition, techno-economic assessment should be carried out before deployment.
6.5 Conclusions

This work demonstrates the feasibility of coupling urea oxidation to energy recovery as
hydrogen. This investigation focuses on the utilization of WO3 monoclinic plates as
photoanode. This visible light active electrode outperformed the UV active TiO:z electrode
for the oxidation of urea without the addition of external oxidizing radicals. WOs3 proved

superior urea removal with a rate constant 15 times higher the one obtained for TiOx.

The coupling of urea oxidation to hydrogen production, besides providing additional
value to each individual process, can represent a more desirable anodic process than water
splitting to produce hydrogen. This was demonstrated by the increase in photocurrent and

IPCE in the presence of urea.

The investigation of the mechanisms of the N-species reactions and product distribution
in liquid and gas phase, showed a closed nitrogen balance with nitrate and ammonium as
main by-products and the production of hydrogen with a faradaic efficiency of 87.3% and
a STH efficiency of 1.1%. Moreover, the use of a two-compartment PEC cell should be
considered to separate gas products and to limit the side reactions at the cathode derived
by anode by-products. Further work is needed to address the preferential and selective

oxidation of urea to dinitrogen.

This study showcases the potential of photoelectrochemical urea oxidation and hydrogen
generation from wastewater. This technology can achieve the recovery of resources from
wastewater, generating a clean fuel, which aids in the implementation of the circular
economy concept and the development of sustainable approaches in the environmental

and energy fields.
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7.1 Conclusions

The overall aim of this research was to investigate the performance of semiconductor
materials for the photocatalytic and photoelectrochemical oxidation of common nitrogen
pollutants in wastewater, together with the simultaneous recovery of energy in the form

of hydrogen gas.

The state-of-the-art for the use of photocatalytic and photoelectrocatalytic processes for
the treatment of wastewater compounds coupled to the production of hydrogen was
discussed in chapter 2. This chapter included an overview of the fundamentals, materials
and the parameters used to evaluate the performance of these processes. The main section
reviewed different waste compounds with a special focus in ammonia and urea and it was
concluded with an evaluation of the current limitations on this field and future

opportunities.

The initial work in chapter 4, studied the use of two different TiO2 nanostructured
electrodes (P25 and TiNT) for the photoelectrochemical oxidation of urea. For both
electrodes, an enhancement on the photoelectrochemical process was found when urea
was added to the electrolyte, shown by an increase in photocurrent. This enhancement
was attributed to the holes being scavenged by the urea either via direct hole transfer or
via hydroxyl radical mediated hole transfer. When comparing the performance of both
electrodes in presence of urea, TiNT obtained more than 3 times the photocurrent
generated with P25. In addition, in presence of urea, TiNT showed a 55.11 % IPCE at
340 nm, compared to maximum a IPCE of 21.22 % achieved with P25 at 330 nm. The
better performance of the TiNT electrode was attributed to the longitudinal pathway
provided by the nanotubes, which helps the charge transfer.

The oxidation of urea for both TiO:z electrodes was studied using a custom-made
photoelectrochemical cell with an irradiated area of 19.6 cm?. The results for TiNT
showed a urea oxidation rate 1.8 times the rate obtained with P25. Besides, the activity

of both P25 and TiNT for the oxidation of urea in photoelectrochemical configuration
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was compared to photocatalytic configuration. The TiNT electrode recorded 15 times
higher urea oxidation rate with applied bias, while for P25 the rate was 1.8 higher. This
increment corroborates the enhancement in charge separation that can be achieved by the

application of a bias in photoelectrochemical configuration.

Following the initial results, the enhancement of the TiO: properties through the
modification of its surface with CuxO clusters was studied in chapter 5. For this study,
particle suspension atomic layer deposition (ALD) was utilized to deposit the CuxO
nanoclusters on the surface of the TiO2(P25) semiconductor particles. The deposition of
CuxO clusters was successfully achieved with a narrow particle size distribution and a
controlled loading, highlighting the possibility of using ALD for the deposition of
nanoclusters to enhance particulate semiconductor properties. The oxidation state of the
clusters was studied through XPS, obtaining Cu20 for lower Cu loadings and a mixture
of Cu20 and CuO for higher Cu loadings (>1.0 wt.%). Furthermore, the optical bandgap
was studied by UV-DRS, with the results suggesting a bandgap reduction for the
CuxO/TiO2 samples when compared to TiO2. However, the spectral photocurrent study
showed no effective bandgap modification. The photoelectrochemical measurements
showed no significant enhancement for CuxO clusters deposition on TiO2 when
immobilized in electrode and used as photoanode. Besides, the addition of CuxO formed
a p-n heterojunction which caused a rectification of the current catholically. On the other
hand, the photocatalytic experiments in the presence of urea, showed a distinguishable
enhancement in oxidation rate for the CuxO/TiO2 suspension photocatalysts. This
improvement was attributed to charge separation, which lowers the recombination of
photogenerated electron-hole pairs. The best performing sample among the studied Cu
loadings from 0.1 % to 2.4 %, was the one containing 0.4 % and oxidation state Cu(]),

achieving 1.7 times the oxidation rate of unmodified TiOx.

Subsequently, a different material than TiO2 was studied for the oxidation of urea, WOs.
The performance of WO3 was also compared to TiO2(P25) as benchmark. In this study,
the photoelectrochemical properties of WO3 surpassed P25, with up to 10 times higher
photocurrent. In addition, WO3 exhibited a maximum IPCE of 43% at a wavelength of
360 nm and visible light activity up to 470 nm, while TiO2 just showed photocurrent up
to 390 nm. Similarly, to the study with TiOz (chapter 4), the presence of urea increased
the photocurrent obtained with WOs. Thus, it was concluded that WOs3 proved superior

urea oxidation, with 15 times the urea oxidation rate of TiO2(P25). The investigation of
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the product distribution resulted in a closed nitrogen balance, with nitrate and ammonium

being the majoritarian products.

To study the oxidation of urea and the simultaneous production of hydrogen, a custom-
made photoelectrochemical cell, with an irradiation window of 19.6 cm?, was designed
and fabricated. The cell had 2-compartments separated by a Nafion membrane, to limit
the side reactions at the cathode derived by anode by-products and separate the produced
gas products. The simultaneous production hydrogen was detected, achieving a hydrogen

faradaic efficiency of 87.3 % and a solar-to-hydrogen efficiency of 1.1 %.

This study showcased the potential of coupling the oxidation of urea from wastewater and
hydrogen generation through the use of photoelectrochemistry. The treatment of
wastewater coupled to the recovery of resources from wastewater would help in the
application of the circular economy concept and the development of sustainable

approaches in the environmental and energy fields.

7.2 Future work

The use of photocatalysis and photoelectrocatalysis (electrochemically assisted
photocatalysis) for the treatment of urea in wastewater coupled to the generation of
hydrogen was investigated in this thesis. This work investigated the performance of
different semiconductor materials, TiO2(P25), TiO2(TiNt) and WO3 as photoanodes, as
well, as the surface modification of TiO2 with CuxO clusters using atomic layer
deposition. In addition, all the by-products from urea oxidation were identified and the
production of hydrogen studied using custom-made photoelectrochemical cells.

However, to further develop this approach, several challenges need to be considered.

Regarding the photoanode, other materials with improved visible light absorption and low
applied potential, to drive their charge separation, should be investigated. Besides, the
formation of nanostructures with larger surface area and reduced charge recombination
should be considered to make this process more competitive. In addition, when selecting
photoanode materials for the treatment of wastewater, it is necessary to evaluate if the
material would be stable at the wastewater pH conditions. The long-term stability of the

photoanode materials for the treatment of wastewater still needs to be assessed.
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Additionally, consideration should also be given to the scalability, cost and sustainability

of the production methods for the electrodes.

As identified in this study, the oxidation of urea requires particular attention to avoid the
formation of harmful by-products. For this reason, future work should consider the
incorporation of co-catalyst that favour reaction mechanisms leading to the selective
production of harmless products, such as dinitrogen gas. Alternatively, it can also be
considered the implementation of a second treatment step where the products of urea
oxidation are converted into nitrogen gas. Future studies should also include the use of
complex wastewater mixtures, which simulate real conditions, gaining further
understanding on the interaction mechanisms between the distinct compounds present in
wastewater, which would culminate with testing real wastewater. Besides, the possible
electrode and membrane fouling, originated by wastewater components should be

studied, assessing if some pre-treatment as e.g. filtration would be necessary.

Further consideration should also be given to cathode material. The use of platinum or
platinized electrodes for the production of hydrogen should be substituted by inexpensive
and abundant alternative materials. This research can benefit from the vastly explored
field water electrolysis. In addition, the treatment of wastewater compounds through
photoelectrochemical oxidation could be potentially also coupled to other reduction
reactions instead of Hz, as the production of H202 (a valuable chemical which could also
be used as oxidizer for wastewater treatment), or the reduction of CO2 (which might be
liberated from the oxidation of organic compounds in the anode, to form valuable

products).

In order to scale-up this technology, a part of further research into the photoanode and
cathode materials, more research is needed to improve the design of photoelectrochemical
cells, leading to improved light absorption and reaction rates, and enhanced overall
system efficiency. Techno economic assessments from the scale-up version should also
be performed to evaluate the feasibility of applying this technology in wastewater

treatment facilities.
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