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The scientist does not study nature because it is useful to do so. He studies it because he takes
pleasure in it, and he takes pleasure in it because it is beautiful. If nature were not beautiful it

would not be worth knowing, and life would not be worth living

- Henri Poincaré
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Abstract

Tungsten oxide-based materials have unique and intriguing properties as photoanode materials

for solar energy conversion. The first part of the thesis focuses on the use of WO3 photoanodes for

the oxidation of 5-(hydroxymethyl)furfural (HMF). Chapter one lays down the general introduction

to HMF oxidation and the unique properties of WO3 photoanodes. The direct oxidation (without

any catalyst or a redox mediator) of HMF on WO3 photoanode is presented in chapter two. WO3

indeed shows activity toward the oxidation of HMF, but the product yield is very subtle. A kinetic

model is developed and applied to the system to gain insight into the selectivity of HMF oxidation

on the surface of WO3. Faster kinetics of the competing reactions have been found to be the main

culprit for the low yield. In chapter three, the development of an analysis technique to predict the

selectivity between the competing reactions in the photoelectrochemical cells as the function of

applied potential is discussed. The analysis is based on derivative voltammetry and can predict the

selectivity using only the information from the linear sweep voltammogram. For the oxidation of

HMF on WO3, the analysis predicts the selectivity between the HMF oxidation and the competing

water oxidation reaction, but the yield for the product yield remains unchanged regardless of the

applied potential. To address this challenge, electrocatalysts are introduced to the surface of WO3.

The effects of electrocatalysts are laid down in chapter four. Finally, in chapter five, the work

is expanded to CuWO4. This ternary metal oxide retains many properties of WO3 but with a

smaller band gap, allowing this material to harvest a larger proportion of the solar radiation. The

investigation is be based on the effects of oxygen vacancy (OV), a common dopant for metal oxides.

Many studies have shown that a small number of this dopant help improve the photocurrent while

the excess poses detrimental effects. Nevertheless, the effort to understand the effect of OV on

the photocurrent has been unequally given to the benefits side. The reason for the adverse effect

posts by the excess OV is rarely discussed. In this chapter, the effect of the number of OVs on the

parameters that affect the photocurrent in CuWO4 are discussed. To conclude this thesis presents

the case for the use of tungsten oxide-based materials for solar energy conversion and gives a future

outlook.

Keywords

photoanode, photoelectrochemistry, metal-oxide semiconductors, solar energy conversion, HMF

oxidation, tungsten trioxide, biomass valorization, alternative oxidation, copper tungstate, oxygen

vacancy
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Résumé

Les matériaux à base d’oxyde de tungstène (WO3) ont des propriétés uniques et intrigantes

en tant que photoanodes pour la conversion de l’énergie solaire. La première partie de la thèse se

concentre sur l’utilisation de photoanodes de WO3 pour l’oxydation du 5-(hydroxyméthyl)furfural

(HMF). Le premier chapitre présente une introduction générale sur l’oxydation du HMF et les

propriétés des photoanodes de WO3. L’oxydation directe (sans catalyseur ni médiateur redox) du

HMF sur une photoanode de WO3 est présentée dans le chapitre deux. Le WO3 montre en effet une

activité vers l’oxydation du HMF, mais le rendement du produit est bas. Un modèle cinétique a été

développé et appliqué au système afin de mieux comprendre la sélectivité de l’oxydation du HMF sur

la surface du WO3. La cinétique plus rapide des réactions concurrentes s’est avérée être le principal

responsable du faible rendement. Dans le chapitre trois, une technique d’analyse pour prédire la

sélectivité entre les réactions concurrentes dans les cellules photoélectrochimiques en fonction du

potentiel appliqué a été développée. L’analyse est basée sur la voltammétrie dérivée et peut prédire

la sélectivité en utilisant uniquement les informations du voltammogramme de balayage linéaire.

Pour l’oxydation du HMF sur WO3, l’analyse prédit la sélectivité entre l’oxydation du HMF et la

réaction concurrente d’oxydation de l’eau, mais le rendement du produit reste inchangé quel que soit

le potentiel appliqué. Pour relever ce défi, des électrocatalyseurs sont introduits à la surface de WO3.

Les effets des électrocatalyseurs sont exposés dans le chapitre quatre. Enfin, dans le chapitre cinq,

le travail est étendu à CuWO4. Cet oxyde métallique ternaire conserve de nombreuses propriétés

du WO3 mais avec une bande interdite plus petite, ce qui permet à ce matériau de récolter une plus

grande partie du rayonnement solaire. L’étude est basée sur les effets d’oxygènes vacants (OV),

un dopant commun pour les oxydes métalliques. De nombreuses études ont montré qu’un petit

nombre de ce dopant contribue à améliorer le photocourant tandis que l’excès a des effets néfastes.

Néanmoins, la raison de l’effet négatif de l’excès de OV est rarement étudié. Dans ce chapitre,

les effets du nombre des OV sur les paramètres qui affectent le photocourant dans CuWO4 sont

discutés. Pour conclure, cette thèse présente les arguments en faveur de l’utilisation de matériaux

à base d’oxyde de tungstène pour la conversion de l’énergie solaire et donne des perspectives d’avenir.

Mots clés

Photoanode, photoélectrochimie, semi-conducteurs métal-oxyde, conversion de l’énergie solaire,

oxydation du HMF, trioxyde de tungstène, valorisation de la biomasse, oxydation alternative,

tungstate de cuivre, oxygènes vacants.
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Chapter 1

General Introduction

Parts of this chapter is adapted from following mini-review: Enabling direct photoelectrochemical

H2 production using alternative oxidation reactions on WO3. This mini-review is under preparation.

1.1 Climates change and solar energy

1.1.1 Achieving net-zero

The industrial revolution has improved the productivity of many economic sectors dramatically.

This increase in productivity has significantly improved the living standard of humankind. The

growth in industrial activities commands a great demand for energy consumption. Global energy

consumption has increased exponentially since the industrial revolution (Figure 1.1A). The main

sources of energy are fossil fuels (coal, oil, and gas), due to the high energy density and ease of

storage and transport. The burning of these fossil fuels has contributed to the increase in global

CO2 emissions, subsequently resulting in the increase in the average global temperature (Figure

1.1B). The rising global temperature has resulted in more extreme weather events such as heat

waves, drought, and floods in recent years. The term climate change is used to describe these

extreme weather events due to the rising in global temperature with devastating consequences.

In order to prevent a catastrophic outcome, many countries have pledged to achieve net zero

emissions by 2050.1 To realize this, the reliance on fossil fuels must come to an end, and renewable

energy has to step up as the main energy source for the world. Despite the global annual energy

consumption of around 6 × 1020 J.year−1 ,2 the amount of renewable energy that can be used

per year far exceeds this value. In fact, solar energy alone is more than enough to supply the

1
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A)

B)

Figure 1.1: A) Global primary energy consumption by source. Adapted from Our World in Data: Energy7

B) Global CO2 emission from fossil fuel and the median global temperature compared to the pre-industrial
era. Adapted from Our World in Data: CO2 and greenhouse gas emissions.8

world’s energy demand. At 1.25× 1024 J.year−1 harvestable solar energy,i it would take only 0.48%

of the total land mass of the earth for the 10% efficiency solar cell to produce enough energy to

meet the global energy demand. Nevertheless, many renewable sources, such as wind and solar,

are intermittent. The supplies of these energy sources fluctuate greatly with day and night cycles

and seasons, leading to a time disparity in the energy supply and the energy demand on many

occasions. Because of the intermittency, integrating electricity generated from wind and solar into

the grid poses a challenge in many places around the globe. Electricity generation needs to match

the demand at a particular time. Integrating wind and solar energy into the grid can increase the

disparity gap between the demand and the supply of electricity, especially at night when solar farms

cannot produce any electricity.6

iThe calculation is based on the following assumptions: (1) The solar irradiance is AM 1.5 G, thus 1000 W.m−2.3

(2) The total land area of the earth is 1.49× 1014 m2.4 (3) The earth average annual sunny hours is 2334 h.year−1.5

2
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1.1.2 Hydrogen as an energy vector

To solve the challenge of intermittency, energy storage is needed. Many strategies to store

renewable energy have been developed such as batteries, pumped-storage hydroelectricity, flywheel

energy storage, and supercapacitors.9,10 Each method has advantages and disadvantages and suits

different applications. Hydrogen has emerged as an interesting choice of energy storage. It has a

very high energy density of 120 MJ/kg, 2.5 times higher than that of gasoline (47.5 MJ/kg).11

In addition to this, gasoline is used in an internal combustion engine (ICE) which relies on a

combustion and gas expansion to extract energy from fuel and translate it into mechanical work.

Typical ICEs have an efficiency of around 20-30 %. Hydrogen, on the other hand, can be utilized

by a fuel cell that first extracts energy stored in hydrogen into electrical energy. The electricity

generated by the fuel cell is then used by an electric motor to perform mechanical works. Since

an electric motor has higher efficiency than ICEs, the energy stored in hydrogen can be utilized

more efficiently than the energy stored in gasoline. In addition to this, when hydrogen is used in a

fuel cell, the exhaust is simply water. For the ICEs, the exhaust not only contains CO2 from the

combustion but also includes much harmful gas such as NOx and SOx. Soot can also be found in

the exhaust if the combustion is incomplete. Hence, not only can the energy stored in hydrogen be

utilized more efficiently, but the exhaust from its oxidation is much cleaner. Hydrogen can also be

transported using the existing infrastructure for transporting fossil fuels, the pipeline network. So,

the distribution of hydrogen is not an issue of concern.

However, Hydrogen also has certain disadvantages, preventing its widespread adoption. Despite

its high energy density, hydrogen is a gas at room temperature and at 1 bar. Without any

compression, its power density (energy per unit volume) is very low. Therefore, hydrogen is stored

in a compressed form: either in a liquid form or in a compressed gas form. The compression of

hydrogen requires additional energy and its storage in the compressed form requires vessels that can

withstand high pressure. Numbers of hydrogen storage strategies have been demonstrated12,13, but

many of these methods are still in the research stage or are still too expensive to be economically

viable. In addition to this, the technological maturity of fuel cell technology is still in its early

stages in comparison to the ICEs. With many hurdles still needed to tackle to use hydrogen as an

energy storage, the use of a battery as an energy storage has been more widely adopted for electric

vehicles (EVs), at least, for personal cars. Nevertheless, the typical Li-ion battery used in Battery

electric vehicles (BEVs) has a low energy density. Certain applications which demand high energy

density, such as long-distance lorries and cargo ships cannot use a battery as a source of energy and

still have to rely on fossil fuels. Airplanes are also a good example of this. Air travels have a bad
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reputation of being one of the main contributors to the surge in CO2 in the past years. Current

passenger planes rely solely on fossil fuels to keep them in the sky. Replacing jet fuel with battery

is not a viable option as the energy density of the current battery technology is simply not high

enough. Battery-powered planes have been shown to be a possible invention, but the concept was

only proven on small planes.14 For an airliner, swapping jet fuel with a battery will make them too

heavy to fly. However, replacing jet fuel with hydrogen is a viable option because of the superior

energy density of hydrogen,. In addition to this, charging batteries take time. The time required

to fully charge the battery in a typical BEV can take several hours. Direct current fast charging

technology can help reduce the time required for full charging to less than an hour, but it is still far

longer than the time required to fill up a hydrogen tank. All in all, despite some disadvantages,

hydrogen remains an interesting option for energy storage.

1.1.3 Water splitting reaction

The most common way to produce hydrogen from renewable energy (electricity) is by water

electrolysis (Equation 1.1). In this reaction, water is cleaved into its constituent elements, hydrogen

and oxygen, using electricity. The water splitting reaction can be broken down into two half-

reactions: the hydrogen evolution reaction (HER, Equation 1.2) and the oxygen evolution reaction

(OER, Equation 1.3). The HER and OER take place at the cathode and the anode respectively.

Thermodynamically, an applied potential of 1.23 V is required to drive the water splitting reaction.

In practice, the energy required to drive the reaction at a reasonable rate is higher than this

thermodynamic barrier. This additional energy required is called the overpotential and results

from a kinetics barrier to perform the reaction. The higher the overpotential, the higher the

energy required to drive the reaction. An overpotential is, therefore, non-desirable and needs to

be minimized as much as possible. Many factors contribute to the overpotential such as mass

transport limitation, poor electrolyte conductivity, and bubble formation. Slow reaction kinetic is

one of the factors that affect the overpotential. For the HER and the OER, the latter has a higher

overpotential due to the sluggish reaction kinetics of the four-electron transfer reaction associated

with the OER.15

H2O −→ H2 +
1

2
O2 (1.1)

2H+ + 2e− −→ H2 (1.2)
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H2O −→ 1

2
O2 + 2H+ + 2e− (1.3)

1.2 Photoelectrochemical water splitting

Due to the great abundance but intermittent nature of solar energy, many have sought to

store this renewable energy in the form of hydrogen. A straightforward way of achieving this is

to first convert solar energy into electricity. Then, subsequently, use the generated electricity for

water splitting (Equation 1.1). In practice, this can be performed by pairing a solar cell with

an electrolyzer. This method is called PV-electrolysis and is currently being used to produce

green hydrogen (hydrogen produced from renewable energy) from solar energy. Nevertheless, PV-

electrolysis requires two components, a photovoltaic device and an electrolyzer, to work together.

Many techno-economic analyses have shown that the hydrogen generated using this method is too

expensive to be economically competitive.16,17 Photoelectrochemical (PEC) water splitting offers

an alternative approach for solar to hydrogen conversion. This method utilizes a photoelectrode to

harvest solar energy and directly perform the water splitting reaction.18 Similar to an electrolyzer,

PEC cells consist of an anode and a cathode where the oxidation reaction and the reduction reaction

take place respectively. The main difference in the PEC cells is that at least one of the electrodes is

a photoelectrode. A photoelectrode is an electrode made with semiconductor materials. The ability

of semiconductor materials to perform direct solar to hydrogen conversion stems from the unique

optoelectronic property of this class of materials.

1.2.1 Photoelectrochemical water splitting on semiconductors

Individual atom possess a set of atomic orbitals which are discrete electronic energy levels. As

a larger number of atoms are brought together to form a material, the atomic orbitals combined

and form bands of electronic states. The highest (in energy) filled band and the lowest unfilled

band at 0 K are defined as the valence band (VB) and the conduction band (CB) respectively. The

electrons in the valence band are localized on the atoms while the electrons in the conduction band

are delocalized and can move freely within the crystal of the material. The energy gap between

these two bands is referred to as the band gap (Eg). The electrons in the valence band can be

excited to the conduction band if an energy greater than the band gap is supplied. At temperatures

above absolute zero (T > 0 K), a fraction of the electrons in the valence band can be excited to

the conduction band by thermal energy. At a given temperature, the larger the band gap, the

smaller the number of electrons that can be promoted to the conduction band. Therefore, the
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size of the band gap can determine the electrical conductivity of the material. In conductors, no

band gap is present, the valence and the conduction bands overlap. The electrons can move freely

between the two bands allowing great electrical conductivity. An insulator, on the other hand,

has a prohibitively large band gap. The number of promoted electrons in the conduction band is

extremely small, resulting in poor electrical conductivity. A semiconductor is a material with a

low band gap energy. A small number of electrons can be promoted to the conduction band and

resulting in certain electrical conductivity.

Apart from excitation from thermal energy, photons with energy greater than the band gap

can also excite the valence band electrons into the conduction band. Once the electron is excited

to the conduction band, either by photoexcitation or thermal excitation, an electron hole is left

in the valence band (h+). In addition to the contribution to the electrical conductivity of the

material, the excited electrons and the holes can also undergo redox reactions, provided that the

redox pairs have an appropriate Ecell. The excited electrons in the conduction band can undergo a

reduction reaction provided the redox-active species has a reaction potential more positive than the

conduction band edge energy. Conversely, the holes can undergo an oxidation reaction with the

redox-active couple with a reaction potential less positive than the valence band edge energy.

1.2.2 PEC cells configuration

Multiple configurations of PEC cells have been proposed.19 The simplest configuration utilize

only one photoelectrode where either a photoanode (Figure 1.2A) or a photocathode (Figure

1.2B) is used in combination with a conventional counter electrode (typically Pt wire or graphite

rod). Once illuminated with photons with energies greater than the semiconductor band gap,

electrons are excited from the valence band to the conduction band. This creates photogenerated

electron-hole pairs. During the operation, both electrodes are submerged in the electrolyte solution.

Once submerged, the Fermi level (hypothetical energy state where the probability of finding an

electron is equal to 50 %) of the photoelectrode equilibrates with the Fermi level of the solution,

creating an electric field at the semiconductor–liquid junction (SCLJ). Depending on the type of

the semiconductor, the built-in electric field will force either the photogenerated holes or electrons

to the SCLJ to perform the redox reaction. The opposite photogenerated charge carrier is repelled

from the surface of the semiconductor and is collected at the Ohmic contact at the back of the

photoelectrode. The collected charge at the Ohmic contact can eventually travels, through an

external circuit in certain device designs, to the counter electrode where the other half reaction

takes place. In a photoanode, the built-in electric field drives the photogenerated holes to perform
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the oxidation reaction at the surface of the electrode. The photogenerated electrons are pushed

toward the Ohmic back contact and subsequently transferred to the counter electrode to perform

the reduction reaction. Conversely, in a photocathode, the photogenerated electrons are pushed

to the electrode surface while the photogenerated holes are collected at the Ohmic contact before

flowing to the counter electrode.

To realize this device architecture, the photoelectrode has to generate enough photopotential to

drive the water splitting reaction (1.23 V from the thermodynamic barrier plus the overpotential).

In addition, the position of the conduction and the valence bands have to be appropriate to drive

the HER and the OER respectively. Semiconductor materials that suit these requirements, for

example, TiO2, tend to have large band gaps and therefore can only harvest only a small portion

of the solar radiation. Hence, devices made of large band gap semiconductors tend to suffer low

solar-to-hydrogen conversion efficiency.

Many semiconductors require an external bias to supplement the photogenerated potential to

drive the water splitting reaction. Despite the requirement of external bias in many cases, this

configuration allows one to investigate the properties of the particular photoelectrode. Hence, this

configuration is widely adopted and will also be employed in this thesis. It is worth noting that, when

employing this one photoelectrode configuration for the purpose of studying the photoelectrode,

the reference electrode is normally used to reference the applied potential.

To drive the water splitting reaction bias-free, two photoelectrodes (Figure 1.2C) are usually

employed to generate enough photopotential. This can be referred to as a dual photoelectrode

configuration.20 Instead of using one semiconductor with a large band gap, this configuration allows

ones to utilize two semiconductor materials which smaller band gaps to maximize solar energy.

Many realizations of this configuration in performing bias-free water splitting reaction have been

shown in the literature.21–24
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Figure 1.2: Scheme for the photoelectrochemical cells A) photoanode / counter counter electrode (CE) with
external bias B) photocathode / counter electrode (CE) with external bias C) bias-free, dual photoelectrode
configuration. Adapted from ref.20

1.2.3 WO3 and CuWO4 as photoanode materials

The property of semiconductor material highly impacts the performance of PEC cells. An ideal

photoelectrode material should be made from an inexpensive material that can be easily fabricated

to give a photoelectrode with excellent optoelectronic properties and high stability under extended

operating conditions. The quest to find such ideal material is an ongoing endeavor. Metal oxides

have been shown to have interesting properties as photoelectrode materials. Many metal oxides

are semiconductors and have been found to be relatively stable under water splitting conditions.

This class of materials can be relatively easy to fabricate into a thin film and must be processed

under an oxygenated environment.25 Hence, many oxides are inexpensive and can be produced

on a large scale. Possible combinations of metal oxides are in a range of thousands,25 providing a

large sample pool to be explored.

Among the metal oxides, WO3 has been shown to certain unique properties. This n-type binary

oxide of W(VI) is non-toxic and inexpensive which give this material a potential to be used in

large scale. WO3 also shows great stability in acidic media, a rare behavior for a binary metal

oxide semiconductor. Despite these intriguing properties, this oxide has relatively large indirect

bandgap of 2.7-2.8 eV,26,27 which limits WO3 to harvest only a small part of the solar spectrum.

The valence band maximum (VBM) of this material lies at 3 V vs. RHE but the conduction band

minimum (CBM) lies at 0.3 V vs. RHE, not sufficient to perform the HER.18 WO3 has been found

to have slow kinetics toward the OER. The products from the photoelectrolysis of water by WO3

are found to be a mixture of molecular oxygen and peroxide species.28 The oxidation of anions in

the electrolyte, such as Cl− and SO2−
4 ,29 have also been reported. This is believed to be due to the

slow kinetics toward the OER and the highly positive valence band position of this metal oxide.
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This slow kinetics is normally regarded as a drawback for this material as a photoanode for solar

water splitting. Nevertheless, WO3 sluggish OER kinetics and its stability in acidic media makes

this material particularly interesting for performing the alternative oxidation reaction, which will

be the main focus of this thesis. Additionally, in the final part of this thesis, the investigation will

expand to CuWO4, a ternary metal tungstate which retain many advantages of WO3, but process

lower band gap.

1.3 HMF oxidation

1.3.1 Alternative reactions to the OER

Not only is the OER kinetically slower than the HER, but the oxygen it produces has low

economic value as it can be produced more cheaply via condensation from the air. The production

of oxygen via electrolysis has few applications such as in a submarine or in a spaceship where the

supply of oxygen from the condensation from the air is hard to come by. Hydrogen, on the other

hand, is the true target product of the water splitting reaction. Therefore, the sole purpose of the

OER is to supply the HER with electrons. In addition, co-evolving hydrogen and oxygen gas in the

same container poses the risk of explosion.

Considering the disadvantages of OER, many researchers have sought to replace the oxidation

reaction at the photoanode with other oxidations with faster kinetics, lower thermodynamics

potential barrier, and potentially give products with higher economic value and interest.30–32

Examples of these alternative reactions includes glycerol oxidation to formic acid33,34, glucose

oxidation to glucaric acid35, benzyl alcohol oxidation to benzoic acid36–39 and chloride oxidation

to chlorine40,41. Among these alternative reactions, the oxidation of 5-(hydroxymethyl)furfural

(HMF) has received much attention in the past few years.42–49 HMF is a biomass-derived product,

in particular lignocellulosic biomass. Lignocellulose is considered to be the most abundant biomass

on earth.50 It can be found in many plant-based biomass such as sawdust, lawn trim, bagasse,

and agricultural wastes.51 There are three main polymer components in lignocellulose: cellulose,

hemicellulose and lignin (Figure 1.3A). The proportion of these three polymers varies with the

source of lignocellulose, but cellulose and hemicellulose normally account for around 60 %. The

hydrolysis of both cellulose and hemicellulose liberate hexose sugars which can subsequently undergo

dehydration to form HMF (Figure 1.3B).52 With the abundance of lignocellulose, HMF can be

considered a sustainable substrate to replace the water in the oxidation at the photoelectrode.
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Figure 1.3: A) Component in lignocellulose biomass. B) HMF synthesis from hydrolysis of cellulose and
subsequently followed by dehydration. Figure A is adapted from ref.52 with the permission of © 2013
Royal Society of Chemistry Publishing

.

HMF can undergoes an overall 6-electrons oxidation to 2,5-furandicarboxylic acid (FDCA) in 3

sequential steps (Figure 1.4). HMF first undergoes a 2-electrons oxidation to either diformylfuran

(DFF) or 5-hydroxymethyl-2-furandicarboxylic acid (HMFCA). These two intermediates then

subsequently undergo another 2-electrons oxidation to form 5-formylfuran-2-carboxylic acid (FFCA).

The final 2-electrons oxidation converts FFCA into the product FDCA. Yang and co-workers have

calculated the standard reduction potential (Eo) of the 6-electrons oxidation from HMF to FDCA

to be + 0.30 V. Nevertheless, the Eo of the 2-electrons oxidation from FFCA to FDCA, the final

step in the oxidation to FDCA, is calculated to be + 0.43 V.53 The standard reduction potential of

HMF is significantly lower than that of water oxidation (1.23 V without overpotential), suggesting

that the oxidation of HMF is thermodynamically more favorable.
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Figure 1.4: HMF oxidation to FDCA scheme

The product from HMF oxidation, FDCA, also has a higher commercial value than oxygen.

One of the main use of FDCA is for the production of polyethylene furanoate (PEF). PEF shares

many similar properties to Polyethylene terephthalate (PET), a plastic that is widely used for food

and beverage packaging, with some even being superior. The lower gas permeability is one of the

merits. In comparison to PET, the permeability of PEF to O2 and CO2 is 11 times and 19 times

lower respectively54,55, a great advantage for a material used for containing food and drinks. The

Young’s modulus of PEF has also been shown to be higher than PET. This can translate into a

more resilient final products.56 Furthermore, while FDCA which is one of the starting materials

for making PEF is a biomass-derived compound, terepthalic acid, which is the monomer used to

synthesize PET, is made predominantly from a petroleum-based compound.57 This makes PEF

more sustainable to synthesize compared to PET. The above-mentioned advantages of PEF have

sparked an interest to use PEF as a replacement for PET.
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Figure 1.5: Structure of A) Polyethylene furanoate (PEF) and B) polyethylene terephthalate (PET)
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1.3.2 Performing HMF oxidation

Multiple methods of performing HMF oxidation have been shown in the literature. One of the

most employed methods is aerobic oxidation. Typically, the reaction is performed under elevated

temperature and pressure over heterogeneous catalysts.58–68 which commands additional energy

input and added risks to the process. Other less common routes such as bioconversion69–71 and

photocatalysts72,73 have also been reported, but examples of these approaches remains rare.

Electrochemical HMF oxidation has received attention as an alternative approach to aerobic

oxidation. This approach allows the oxidation to be performed at milder conditions (usually at

room temperature and pressure) compared to aerobic oxidation, with a high FDCA yield. In

addition to this, oxygen is the final electron acceptor in aerobic oxidation. Oxygen is reduced to

water, which is abundant and has low economical value. Electrochemical oxidation of HMF, on

the other hand, is commonly paired with the HER which produces hydrogen as discussed earlier.

Performing HMF oxidation via electrochemical oxidation not only offers milder operating conditions

but also products with higher economical values.

For the electrochemical HMF oxidation, an electrocatalyst strongly affects the efficiency of

the conversion (FDCA yield). Many electrocatalysts have been shown to date to have excellent

catalytic activity toward HMF oxidation.43,46,53 The electrocatalysts shown in the literature can

be categorized into two groups: heterogeneous catalysts and homogeneous catalysts. Among the

two, more examples of heterogeneous catalysts have been shown in literature. Various examples

of heterogeneous catalysts for HMF oxidation are summarized in Table 1.1. The majority of the

heterogeneous catalysts reported consist of transition metals and can be further categorized into

noble metal-based and non-noble metal-based catalysts.

Despite excellent catalytic activity for many reactions of the noble metals, the electrocatalysts

based on noble metals show low performance as a catalyst for HMF oxidation.74,75. In some reports,

the noble metals catalysts offer lower onset potential for HMF oxidation but with low current

densities.53 The FDCA yield in many reports is also relatively low with the main products being

one of the initial 2-electron oxidation products, DFF.

The non-noble metal electrocatalysts exhibit higher catalytic activities. Many of these catalysts

compose of transition metals such as Mn, Fe, Co, Ni, Cu, and Mo in various forms such as oxides,

hydroxide, oxy-hydroxide, and sulfides. Electrocatalysts form more complex structure such as

metal-organic framework (MOF), covalent organic framework (COF), and layered double hydroxide

(LDH) have also been reported. The FDAC yield of more than 90% was reported for various

non-noble metal electrocatalysts.
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Type Catalyst Supporting electrolyte
Operating applied potential

(V vs. RHE)
HMF conversion (%) yield FDCA (%) Ref.

non-noble metals

MnOx 0.1 M H2SO4 1.60 99.90 53.2 75

FeOOH 0.1 M NaOH 1.71 16.00 1.6 76

CoOOH 0.1 M NaOH 1.56 95.50 35.1 76

Co-P 1.0 M KOH 1.42 ∼ 100 ∼ 90 77

NiOOH 0.1 M NaOH 1.47 99.80 96.0 76

Ni3S2 1.0 M KOH 1.42 100.00 98.0 78

NiBDC (MOF)a 0.1 M KOH 1.55 ∼ 70 ∼ 60 79

TpBpy-Ni (COF)b 0.1 M LiClO4
b 1.55 96.00 58.0 80

Nanocrystaline Cu 0.1 M KOH 1.62 99.90 96.4 81

Cu(OH)2 1.0 M KOH 1.45 75.80 71.2 82

MoO2-FeP 1.0 M KOH 1.42 99.40 98.6 83

NiFe LDHc 1.0 M KOH 1.23 99.00 98.0 84

NiCoFe LDHc 1.0 M NaOH 1.52 95.50 84.9 85

noble metals

Pt 0.1 M H2SO4 2.00 99.90 0.1 75

Au/C 0.1 M KOH 1.20 99.00 14.0 74

Pd/C 0.1 M KOH 0.90 97.00 29.0 74

Pd1Au2/C 0.1 M KOH 0.90 100.00 83.0 74

Table 1.1: Various heterogeneous electrocatalysts for HMF oxidation. a: BDC= terephthalic acid, MOF=metal–organic frameworks. b: Tp=triformylphloroglucinol,
Bpy=5,5-diamino-2,2-bipyridine, COF=covalent organic frameworks, The pH of the electrolyte is 13. c: LDH=layered double hydroxide.
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Electrochemical HMF oxidation in acidic media

While many high-performing electrocatalysts for HMF oxidation have been reported, the

conditions employed are almost exclusively in basic conditions. Only a few reports have demonstrated

such electrolysis in acidic media. Performing HMF oxidation in an acidic environment allows for a

facile FDCA separation. The solubility of FDCA in the basic condition is much higher than in

acidic media due to the deprotonation of the two carboxylate groups. FDCA would remain soluble

in solution in basic conditions but would precipitate out in an acid. Nevertheless, a large amount

of FDCA precipitation may hamper the reaction rate. Indeed, if the FDCA precipitates onto the

electrode surfaces, the surface area of the will be reduced, ultimately lowering the rate of conversion.

In addition to this, the precipitation may add additional complexity if this reaction were to be

scaled up to an industrial scale. The precipitate may clog the tubing in a certain type of reactor

which can lead to damage to the equipment. Therefore, the ideal operating scenario would be to

have the product completely soluble during the reaction and allow the precipitation only after the

reaction to separate the product.

Kubota and co-workers demonstrated the use of MnOx as an anode material in acidic media.75

The researchers demonstrated the electrocatalytic activity of MnOx for performing HMF oxidation

to FDCA, with a moderate FDCA yield of 53.8% a pH 1 H2SO4 solution. The main side product

was found to be maleic acid (21.9%). The authors believe that the acidic conditions promote the

furan ring-opening oxidation which leads to the formation of maleic acid. In this report, the authors

used the differences in temperature to control the precipitation, as the solubility of FDCA increases

with temperature. The reaction is performed at the elevated temperature of 60 °C in which FDCA

is fully soluble. The solution is cooled down to room temperature after the reaction has finished

allowing the precipitation of FDCA (Figure 1.6). In addition to this, the elevated temperature

also increases the kinetics of the reaction allowing faster conversion of HMF. The facile FDCA

separation can also be achieved in the basic condition by acidifying the solution after the reaction

has been completed to allow FDCA precipitation. Nevertheless, in the industrial setting, increasing

the reaction temperature can be achieved more easily than reducing the reaction pH. While raising

reaction temperature requires additional heating elements, acidification of the solution requires

the addition of acid into the solution. This adds complexity to the reaction design process and

increase the cost of operation. On top of this, since the ion concentration in electrocatalytic cells

is normally kept at a high salt concentration to maintain the high electrolyte conductivity, the

amount of acid required is likely to be high. In addition to this, acidification also liberates heat

which can be dangerous if not properly handled. This report is among the few electrochemical
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HMF oxidations in acidic conditions.

Figure 1.6: Photographs of the anodic compartment after the electrolysis of the solution containing 20
mM HMF using MnOx as an anode at the elevated temperature and after being cooled to room temperature.
The produced FDCA precipitates out after the solution is cooled down to room temperature. Adapted
from ref.75

1.3.3 HMF oxidation to FDCA on PECs

Despite a number of publications on the alternative oxidation reactions on PECs86–88, the

oxidation of HMF to FDCA is rarely reported. Cha and co-workers first reported the oxidation

of HMF to FDCA on BiVO4 photoanode.89 The team reported a high conversion yield of more

than 99% and the Faradaic efficiency of more than 93 %. Nevertheless, a redox mediator (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO) is required to drive the oxidation of HMF. No noticeable

amount of HMF conversion was found in the absence of TEMPO. The illuminated surface of BiVO4

alone is incapable of carrying out HMF oxidation. Rather, the photogenerated hole on BiVO4 first

oxidized TEMPO which is then oxidized HMF (Figure 1.7). Chadderdon and co-workers showed

that the system reported by Cha and co-workers (BiVO4 with TEMPO as a redox mediator) can

be improved by the introduction of CoPi electrocatalyst.
90 The CoPi/BiVO4 modified photoanode

was found to have a lower onset potential of around 0.5 V for the oxidation of TEMPO compared

to bare BiVO4. The introduction of the CoPi electrocatalysts layer also enhances the photocurrent

and improves the selectivity toward the TEMPO oxidation over the OER. Despite improved onset

potentials and selectivity toward TEMPO oxidation, the CoPi/BiVO4 modified photoanode shows

negligible HMF conversion in the absence of TEMPO. The authors also aimed to improve the

TEMPO oxidation rather than directly aiming at the oxidation of HMF.
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Figure 1.7: Schematic of TEMPO-mediated HMF oxidation on a) photoanode and b) metal anode. Here
CB, VB and EF are conduction band, valence band and Fermi energy respectively. Adapted from ref.89

with the permission of © 2015 Springer Nature

Despite a high FDCA yield achieved with this approach, the use of a redox mediator adds

another complexity to the product purification process which translates to higher energy, time,

and capital investment in the product purification process. In addition, as previously explain,g

one of the main use of FDCA is to synthesise PEF as a replacement for PET, the plastic used

for water bottles. Since TEMPO has a yellow hue color, contamination of TEMPO in the FDCA

would result in the resulting PEF having an unpleasant yellow hue. The contamination of TEMPO

in the resulting water bottles would also raise a safety concern as TEMPO is highly water soluble

and may redissolve into the water in the bottle. Therefore, a photoanode that can perform direct

HMF oxidation to FDCA with high FDCA yield and Faradaic efficiency without the need for a

redox mediator is desirable.

As discussed earlier, the WO3 photoanode shows catalytic activities toward many alternative

reactants with a moderate selectivity toward the OER. This illustrates the possibility for WO3

towards the oxidation of HMF. Furthermore, the acid stability of WO3 also illustrates the potential to

perform HMF oxidation in an acidic media. These unique properties of WO3 make this photoanode

to be an intriguing material for mediator-free HMF oxidation.
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1.4 Objectives

This thesis will discuss the use of WO3 photoanode to oxidize HMF to FDCA. First, the activity

of WO3 photoanode in oxidizing HMF to FDCA will be discussed in chapter 2. The evolution

of the intermediates and products will also be discussed in this chapter. Kinetic models will be

used to elaborate possible degradation steps during the photoelectrolysis. Next, the effect of the

applied potential on the selectivity between HMF oxidation and the water oxidation reaction is

elaborated in chapter 3. A phenological model to predict the selectivity among competing reactions

on photoelectrodes as a function of the applied potential was developed and will be discussed here.

The model requires only the information readily obtained from linear sweep voltammograms and

can be used as a quick tool to give a rough estimate of the selectivity of competing reactions.

Strategies to improve FDCA yield will be discussed in chapter 4. Various electrocatalysts for

alcohol and aldehyde oxidation will be fabricated onto the surface of the WO3 photoanode, and the

effect of each of the electrocatalysts will be discussed. In chapter 5, the scope of the study will

be expanded to the effect oxygen vacancy, a common dopant in metal oxides, to the physical and

photoelectrochemical properties of CuWO4. Finally, the conclusions and outlooks of the thesis will

be presented in chapter 6.
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Chapter 2

Photoelectrolysis of HMF on WO3

Photoanode

This chapter has been adapted from the following article: Plainpan, N.; Lhermitte, C. R.;

Canjura, P.; Boudoire, F.; Sivula, K. Direct photoelectrochemical oxidation of hydroxymethylfurfural

on tungsten trioxide photoanodes. RSC Advances 2021, 11, 198–202.1

2.1 Introduction

In this chapter, we demonstrate for the first time that WO3 photoanodes can directly oxidize

HMF in aqueous electrolyte under illumination. Our detailed analysis of the resulting product

distribution and reaction kinetics gives important insights into the reaction pathways, suggesting

routes to further enhance the performance.

Based on the unique PEC properties of WO3, we hypothesized that it could provide advantages

toward the direct photo-oxidization of HMF. Specifically, compared to BiVO4, which has a valence

band maximum (VBM) at a potential of 2.4 V vs. NHE,2 the VBM of WO3 is considerably more

oxidizing at 3.1 – 3.2 V vs. NHE2 suggesting an increased driving force to overcome the activation

energy barrier associated with HMF oxidation. In addition, WO3 also demonstrates poor selectivity

for the OER, even in aqueous solution. In fact, WO3 often prefers to oxidize other small molecules,

or anions such as MeOH, and chloride.3–7 This can reduce or eliminate competition from water

oxidation when operating in aqueous conditions. This strategy has been employed in the past,

where WO3 was used to oxidize alcohols photoelectrochemically in aqueous solution.8 Finally, WO3

is easy to prepare and demonstrates stability in acidic aqueous media. These properties are highly
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desirable for a PEC material if it is to be employed in an H2 producing PEC cell since acidic

conditions favour the production of H2 from water.

2.2 Results and discussions

Tungsten trioxide photoanodes prepared by the sol–gel method (see Appendix A for details)

were first examined for HMF oxidation in aqueous electrolyte using linear sweep voltammetry

(LSV), and the results were compared to BiVO4 and Fe2O3 (similar photoanode materials, for

synthesis see Appendix A). Figure 2.1A–C shows LSV results in the dark and under simulated 1 Sun

illumination, with and without 5 mM HMF in the electrolyte. We note that different pHs were used

due to the stability limits of each material, thus all LSVs are plotted versus the reversible hydrogen

electrode, RHE. We also note that HMF oxidation is favoured under basic conditions, which should

be advantageous for BiVO4 and Fe2O3.
9–12 However, while the current density, J, exhibits similar

behaviour with and without HMF with BiVO4 and Fe2O3 photoanodes, a clear difference is observed

with WO3. In a pH 4 electrolyte containing no HMF, WO3 shows a photocurrent onset potential at

0.63 V vs. RHE and a saturated photocurrent density of 1.2 mA cm2. However, when 5 mM HMF

is added to the solution, the onset potential shifts by 100 mV, and the saturated photocurrent

density increases by 26 % to 1.52 mA cm2. The unresponsiveness of BiVO4 and Fe2O3 to HMF

suggests that these photoanodes do not favour photo-oxidization of HMF over the OER, however

the significant shift of the J–E curve observed with WO3 suggests that WO3 possesses a unique

ability to oxidize the HMF substrate directly. Although these results alone do not directly confirm

the inability of either Fe2O3 or BiVO4 to oxidize HMF directly, other groups have demonstrated

that BiVO4 in particular is unable to perform this reaction on its own.13 Furthermore, the marked

J-E shift observed with the WO3 suggests that the HMF is a kinetically easier substrate to oxidize.

In this case, if a photoanode were capable of directly oxidizing this substrate, then we would expect

to observe a shift toward the more positive potential in the photocurrent onset.
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A) BiVO4 (pH 9.2) B) Fe2O3 (pH 14) C) WO3 (pH 4) 

Figure 2.1: Linear sweep voltammogram of (A) BiVO4 photoanode in pH 9.2 NaBi buffer (+5 mM HMF),
(B) α-Fe2O3 photoelectrode in pH 14 NaOH electrolyte (+5 mM HMF), and (C) WO3 photoanode in pH 4
NaPi buffer (+5 mM HMF). The solid lines and dotted lines are LSVs under simulated 1 Sun illumination,
and in the dark, respectively. The light illumination was from the back (glass) side.

The selectivity towards various HMF oxidation products and the durability of WO3 was next

examined via the continuous photo-oxidation of a 5 mM HMF electrolyte (aqueous NaPi buffer pH

4) under simulated solar illumination using a constant applied potential of 0.68 V vs. RHE in a

2-compartment cell (working and counter electrodes separated by a Nafion membrane) in order to

eliminate the possibility of reducing oxidized products at the cathode. Larger-area photoelectrodes

(ca. 3 cm2 vs. 1 cm2) and 3 Suns equivalent illumination were used to maximize the quantity of

products formed. The concentration of HMF and the formed products were monitored using HPLC.

Figure 2.2A shows the evolution of the photocurrent and HMF concentration [HMF], over 64 h

(data has been averaged from three independent runs). We note that the measured photocurrent

was lower than expected from Figure 2.1C due to the increased substrate resistance of the larger

area photoanodes.14,15 In addition, the photocurrent decreases from an initial 0.3 to 0.1 mA cm2

over 64 h of continuous operation due to the depletion of oxidizable substrate (at the applied

potential no photocurrent from the OER was observed in the absence of HMF). Indeed [HMF]

decreased to ca. 200 µM. In contrast, only a 12 % decrease in [HMF] was observed in a control

experiment without WO3 where the 5 mM HMF electrolyte was irradiated for 64 hours (see Figure

A.4 and Table A.1). This small decease in [HMF] results from its photo-decomposition which has

been reported previously.10,16,17
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A) B)

C)

Figure 2.2: Continuous photo-oxidation of HMF with WO3 is shown by the evolution over time of: (A) the
concentration of HMF and the photocurrent; (B) the concentration of DFF, HMFCA, FFCA and FDCA;
the dashed lines are the result of the chemical kinetics fitting. Data is averaged over three independent
runs and the error bars represent the standard deviation. (C) Reactions pathways for the formation of
FDCA from HMF and by-product reactions leading to oxidized products B and B*.

Rate constant (× 10−3 h−1) Rate constant (× 10−3 h−1)

k11 5.54 (0.19) kB1 30.2 (0.4)

k12 1.82 (0.05) kB21 43.5 (7.1)

k21 64.9 (4.1) kB22 0.03 (8.4)

k22 38.0 (8.5) kB3 54.5 (4.3)

k3 7.30 (0.39) kB4 72.7 (5.9)

kB 1.73 (0.27)

Table 2.1: Pseudo-first order rate constants for oxidation by WO3 photoanode at 0.68 V vs. RHE (pH 4,
3 Sun illumination), as extracted from model fitting (see reactions Figure 2.2 ). Standard error from fitting
the averaged experimental data in parentheses.
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We note that no obvious corrosion of the WO3 photoanode was observed via scanning electron

microscopy during extended operation (see Figure A.5). This confirms the stability of the anode

under these operation conditions. The detected products formed during the continuous photo-

oxidation with WO3 are shown in Figure 2.2B. 2,5-furandicarboxaldehyde (DFF), 5-hydroxymethyl-2-

furan-carboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), and 2,5-furandicarboxylic

acid (FDCA) are observed. It appears that DFF and FFCA are the primary products, with DFF

being formed first at yields up to 4 % (based on HMF), while FFCA and finally FDCA appear

later, as expected from the established oxidation pathways18 (Figure 2.2C). While the FDCA

concentration is still slightly increasing after 64 hours, its yield is quite modest (ca. 25 µM, 0.5 %

based on HMF), and raises important questions about the reaction pathways and reaction kinetics

occurring during the direct oxidation at the photoanode. Indeed, we note that the amount of

consumed HMF is not equivalent to the amount of produced DFF and HMFCA. Moreover, the

FDCA production rate appears smaller than the FFCA oxidation rate. This implies that side

reactions involving the HMF and the other small molecules is occurring. We note that the formation

of macromolecular humin by-products has been previously reported to occur with HMF oxidation.19

Given the relatively complex reaction pathways, the limited yield of FDCA compared to the other

products, and the possible production of macromolecular by-products, we next developed a model

of the photo-electrochemical oxidation reactions. The set of differential equations describing the

evolution of the concentration of the reactants/products and an equation for the photocurrent

were solved numerically and fit with pseudo first order reaction rate constants, k’s, defined in

Figure 2.2C (see for full details and explanation in Appendix A). Briefly, we considered that the

concentration of photogenerated holes at the WO3 surface to be in excess, and that mass transfer

from the bulk of the electrolyte to the surface of the photoanode to be similar for all components

(see Figure A.6 and A.7). To obtain reasonable rate constant fitting, we accounted for the formation

of unknown oxidation by-products, B, by the oxidation of the known products, and the further

oxidation of these species (into B*), as shown in Figure 2.2C, which is consistent with the formation

of macromolecular oxidation products. The simulated photocurrent and product concentrations

from the fit model are shown as dashed lines in Figure 2.2A and 2.2B, and the obtained reaction

rate constants (shown in Table 2.1) with given standard error show a high-quality fit. Moreover,

these values give quantitative insight to the oxidation pathways on the WO3 photoanode. Since

the rate constant for DFF production (k11) is 2.5 times larger than for HMFCA production (k12),

it appears that the oxidation of HMF to DFF is preferred. This result is corroborated by LSV

performed with only HMF, DFF, or the diol, 2,5-bis(hydroxymethyl)furan (BHMF), which shows a
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higher photocurrent for HMF or BHMF compared to DFF, implying that WO3 reacts faster with

the alcohol moiety (see Figure A.8). Furthermore, for both pathways to produce FDCA, it appears

that the initial HMF oxidation is the rate limiting step as k3, k21, and k22 are all larger than

k11 and k12. Regarding the formation of unknown by-products, this generally occurs faster than

oxidation by the known pathways. For example, the oxidation of HMF to either DFF or HMFCA

is 4 times slower than the oxidation of HMF to the likely humin by-products. As an exception, the

oxidation of HMFCA to FFCA occurs relatively fast (k22) compared to its competing oxidation

to by-product (kB22). This suggests that FDCA yield may be improved by driving the reaction

through the HMFCA pathway. Finally, we note that the desired FDCA product is further oxidized

at the WO3 surface (as verified by LSV, Figure A.9), and this by-product reaction appears to occur

with the fastest rate constant. Thus, the low FDCA yield is in part due its quick oxidation with the

photogenerated holes at the WO3 surface. Overall, it is clear that identifying strategies to reduce

the rate of the by-product reactions (i.e. by adding a selective surface catalyst) will be needed to

further advance the direct PEC production of FDCA.

2.3 Conclusions

In summary, we demonstrate the first example of direct PEC oxidation of HMF to DFF and

FDCA. The unique reactivity of WO3, including its known poor selectivity for the OER and

stability in aqueous acidic electrolyte are likely contributing factors towards its unique ability to

directly photo-oxidize HMF under aqueous conditions. A maximum yield of DFF up to ca. 4 %

was observed under prolonged operation, and although yields of FDCA remain modest at < 1 %,

modelling the reaction kinetics suggests that increasing the rate of intermediate HMFCA production

and reducing the unwanted oxidation by-products can lead to further improvements. Overall, this

demonstration represents an important simplification over previous works and progresses PEC

systems towards the scalable and economical production of both solar fuels and valorized biomass

products—without requiring the sluggish OER.
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Chapter 3

Probing Reaction Selectivity Using

Derivative Voltammetry

This chapter has been adapted from the following article: Plainpan, N.; P.; Boudoire, F.; Sivula,

K. Derivative voltammetry: a simple tool to probe reaction selectivity in photoelectrochemical cell.

Sustainable Energy & Fuels 2022, 6, 3926–3930.1

3.1 Introduction

In the most commonly-used aqueous systems, an alternative oxidation reaction must compete

with the OER, and enhancing the selectivity of the oxidation to the desired alternate product

is an important goal. Many parameters such as solvent choice,2 electrode material,3 and the

waveform of the applied potential4 have been shown to influence oxidative selectivity. Among these

parameters, the controlling the working potential of the anode holds a key influence.5–10 Since the

standard half-cell potential and any kinetic barriers are different for each reaction, one can expect

separate reactions to proceed at different rates at a given applied potential. Hence, the applied

potential can greatly affect the selectivity of the reaction. Furthermore, since Faradaic current is

proportional to the rate of the redox reaction on the electrode surfaces, linear sweep voltammetry

(LSV) can be used to gain some insight into the relationship between the rate of the reaction and

the applied potential. In practice, the resulting voltammogram can be convoluted when multiple

reactions take place on the electrode, making the interpretation of the voltammogram challenging.

Performing mathematical derivation of the voltammogram with respect to the applied potential can

help to resolve the current density-applied potential (J-E) curve that is convoluted from multiple
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reactions.11 The derivation can reveal buried features in the J-E curve and allows one to gain

more insight into the reactions that takes place on the electrode surface at a different applied

potential.12 Derivative voltammograms (also called ∂J/∂E analysis) has been demonstrated to aid

the analysis of a complex systems consisting of many redox-active substrates.13,14 To the best of our

knowledge, the ∂J/∂Eanalysis approach has not been applied to PEC systems with photoanodes

where alternative oxidation reactions are sought to be optimized over the OER, despite the added

information one can obtain with no additional experimental setup requirement. In this chapter, we

demonstrate that the ∂J/∂E can aid in analyzing the J-E curve for the oxidation of HMF to FDCA

on WO3 photoanode. The ∂J/∂E analysis is a simple tool to gain insight into the relationship

between reaction selectivity and the applied potential.

3.2 Results and discussion

The J-E curves of a typical WO3 photoanode in sodium phosphate buffer electrolyte (NaPi) with

and without and 5 mM HMF are shown in Figure 3.1. The J-E curve of WO3 in both electrolytes

are the same in the dark, no significant current is observed in the potential range scanned versus

the reversible hydrogen electrode (RHE). With simulated solar illumination (1-Sun), the J-E curve

in the HMF/NaPi solution shows a shift in photocurrent onset potential of – 0.18 V and a higher

saturated photocurrent density by 0.37 mA cm–2 in comparison to the J-E curve in the NaPi

electrolyte.

Figure 3.1: LSV of WO3 in NaPi and HMF/NaPi solution with and without illumination.
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The derivative of the J-E curve (with respect to the applied potential, ∂J/∂E) was approximated

numerically and is shown for the NaPi electrolyte in Figure 3.2A where a single peak at + 0.95 V

vs. RHE is observed. In contrast, the ∂J/∂E curve of the photoanode in HMF/NaPi electrolyte

(Figure 3.2B) shows a broad, two-humped peak from approximately + 0.65 to + 0.95 V vs. RHE.

To gain more insight into the obtained derivative voltammogram, we fit the derivative photocurrent

to a mathematical model as described in the Appendix B. In brief, the model takes a basis from

Gericher’s equation with a Gaussian density of states and accounts for the increasing photocurrent

in the plateau region of the J-E curve due to the additional band-bending at higher applied

potentials, which drives additional carriers to the semiconductor liquid junction in low-carrier-

mobility semiconductors like oxides.15 The model fitting parameters are shown in Table B.1 in the

Appendix B and graphically the fit reveals one peak at + 0.96 V vs. RHE in the NaPi electrolyte

case (red line in Figure 3.2A). For the HMF/NaPi electrolyte, the best fit (red line in Figure 3.2B)

shows two peaks at + 0.66 V vs. RHE (∂J/∂E-peak 1) and + 0.96 V vs. RHE (∂J/∂E-peak

2). The attempt to fit the ∂J/∂E of the HMF/NaPi electrolyte with only one fitting curve does

not yield a good fit (see Figure B.1). We suggest that each peak in the derivative voltammogram

corresponds to a different reaction taking place on the electrode surface, thus there is at least one

reaction taking place in the NaPi electrolyte while for the HMF/NaPi solution there are at least

two reactions. Since the peak at + 0.66 V vs. RHE is only found when HMF is present in the

system. We, therefore, assign this peak to the oxidation of HMF. Since the peak at + 0.96 V vs.

RHE is found in both cases, it is reasonable to assign this to the water oxidation reaction.
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A)

B)

Figure 3.2: The ∂J/∂E analysis of WO3 in (A) NaPi electrolyte and (B) HMF/NaPi solution.

Numerical integration of the mathematical fit of the ∂J/∂E yields a simulated J-E curve. The

simulated J-E curves in the NaPi electrolyte and the HMF/NaPi solution are depicted in Figure 3.3A

and Figure 3.3B, respectively, in comparison to the experimental data. The simulated J-E curves

(red solid line) match the experimental value (blue solid line) well in both cases. As our observation

that the ∂J/∂E-peak 1 and ∂J/∂E-peak 2 in the ∂J/∂E analysis of the HMF/NaPi solution are

correlated with the oxidation of HMF and water, respectively, we propose that the numerical

integration of these two peaks (Jsim-peak 1 and Jsim-peak 2) are the decoupled photocurrent

densities associated with HMF oxidation and water oxidation, respectively. These decoupled J-E

curves are also shown in Figure 3.3B. We can see that the ratio of the photogenerated charges

going to either HMF oxidation or water oxidation is dependent on the applied potential. With the

information on this deconstructed photocurrent, we can predict the selectivity for HMF oxidation
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as the function of the applied potential from Equation A.1

Selectivity HMF oxidation =
Jsim-peak 1

Jsim-sum
× 100% (3.1)

Where Jsim-Sum represents the sum of the two decoupled J-E curves. We tested this prediction

by performing photoelectrolysis of HMF at + 0.65 V, 0.85 V and 1.20 V vs. RHE. The concentration

of HMF (as measured by high performance liquid chromatography) as a function of the passed

charge is shown in Figure 3.3C. The oxidation of HMF to FDCA is a multistep reaction with each

of the steps proceeding through a two-electron oxidation (see Figure 1.4). Therefore, we calculate

the selectivity for HMF oxidation based on the assumption that HMF undergoes a two-electron

oxidation. Moreover, since the presence of HMF affects the ∂J/∂E analysis and the concentration

of HMF drops with an increasing passed charge, the estimation of selectivity from the data in

Figure 3.3C was performed using the initial rate of HMF consumption during an extended photo

electrolysis (i.e., by considering the initial time points from each of the runs) to ensure minimal

deviation from the condition used to perform the ∂J/∂E analysis. The extrapolated initial rate of

HMF consumption for the different potentials is shown as the broken lines in Figure 3.3C. The

predicted selectivity (calculated from Equation A.1) and the experimental values (obtained from

the HMF consumption rate are compared in Figure 3.3D and Table 3.1. The prediction is very

accurate at the low applied potential (+0.65 V vs. RHE) but deviates from the experimental values

at the higher applied potentials (+0.85 and 1.20 V vs. RHE). We attribute this deviation to the

mathematical foundation of the ∂J/∂E analysis which based purely on thermodynamics. At the

high applied bias, if the kinetics of water oxidation were faster than that of HMF oxidation we

would expect the observed deviation. It has been shown in the literature that water oxidation

on WO3 proceeds through the formation of peroxo species. In addition, the oxidation of anionic

electrolytes has also been observed.16,17 The kinetics of these reactions may be faster than HMF

oxidation. Alternatively, the difference in the predicted and the experimental-determined selectivity

could be the result of mass transport limitations. The number of available photogenerated holes

is higher at the more positive applied potential. If there are not enough HMF molecules to react

with, the excess holes may react with other species in the solution, resulting in a lower selectivity.

We addressed this possibility by performing photoelectrolysis of HMF at a higher initial HMF

concentration of 100 mM at 0.65 V and 1.20 V vs. RHE (see Figure B.2). We found that the

selectivity is lower at 1.2 V vs. RHE than at 0.65 V vs. RHE in both initial concentrations. This

suggests that the decrease in the selectivity is not due to mass transport limitations.

Provided with an ability to probe the relationship between the applied potential and the
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Figure 3.3: Experimental and simulated photocurrent in (A) NaPi electrolyte and in (B) HMF/NaPi

solution. (C) The concentration of HMF as a function of passed charge at 0.65 V, 0.85 V and 1.20 V
vs. RHE with the fitted selectivity for HMF oxidation. (D) Predicted and the experimental-determined
selectivity for HMF oxidation at different applied potential

selectivity of the reaction demonstrated earlier, we next aimed to describe and provide the physical

meaning of the peaks in the derivative voltammogram. Chemical reactions on photoelectrodes utilize

the photoexcited minority charge carriers to perform redox reactions. The minority charge carriers

are photogenerated holes and photogenerated electrons for n-type and p-type semiconductors,

respectively. Typically, the photogenerated holes and photogenerated electrons are energetically

localized at the valence band edge and conduction band edge, respectively. Nevertheless, some

electronic states with energy levels that lie within the bandgap of semiconductors can be present.

These electronics states can have diverse origins ranging from any features that break the symmetry

of the bulk semiconductors such as vacancies and dangling bonds to the chemical states between the

semiconductor surface and the chemical species in the electrolyte. These latter electronics states are

known as surface states.18,19 The minority charge carriers can accumulate within the surface states

and then react with the redox-active species in the electrolyte, hence performing the redox reaction.

Alternatively, the accumulated charge carriers can also recombine with the majority charge carriers.

The surface states that promote the reactions are known as an intermediate surface state (i-SS)

and the ones that promote recombination are called recombining surface state (r-SS).18

One probable physical meaning of the derivative voltammogram was proposed by Can Li and
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Selectivity for HMF oxidation (%)Applied Potential

(V vs. RHE) Experimental Predicted

0.65 72.0 68.2

0.85 27.5 47.7

1.20 13.7 28.8

Table 3.1: Predicted and the experimental-determined selectivity for HMF oxidation

co-workers.20 The researchers proposed that the derivative voltammogram is proportional to the

density of intermediate states on the surface of semiconductors as a function of the applied potential

(DOS(E)). Using a set of surface modified hematite photoanodes and comparing the DOS(E) as

probed by the derivative voltammogram to electrochemical impedance spectroscopy (EIS) and fast

cyclic voltammetry (the common methods for detecting intermediate states), the authors found a

similar trend, which supported their view.20

To verify if this postulation applies to our system, we first investigate the DOS(E) in our system

by EIS (See Figure B.3 and B.4 for the Nyquist and Bode plot and the results of the fitting to the

circuit model in Figure 3.4). For EIS, the accumulation of charge in the surface states is assumed

to contribute to the surface capacitance (CSS) with the relationship CSS = q × DOS(E), where

q is the electron charge.21 The analysis of the WO3 photoanode with and without HMF in the

electrolyte show very similar results with one surface capacitive (CSS) peak at + 0.95 V vs. RHE

with relatively the same magnitude. The capacitance greatly increases at applied potentials below +

0.6 V vs. RHE (see Figure B.5 CSS). When comparing the DOS(E) as found by EIS to the ∂J/∂E,

we found the DOS(E) peak observed by EIS overlaps well with the ∂J/∂E-peak 2 (Figure B.6).

This supports the view that the ∂J/∂E-peak 2 can represent the distribution of the intermediate

states (i-SS) which are associated with water oxidation on WO3. As for the ∂J/∂E-peak 1, since

the EIS analysis does not show any surface states around + 0.60 V vs. RHE, we cannot directly

link the ∂J/∂E-peak 1 to the intermediate states. This demonstrates that the ∂J/∂E analysis can

give additional and complimentary information to EIS.

Regarding the origin of the ∂J/∂E-peak 1, it may come from a short-lived i-SS or an i-SS

that does not involve charge accumulation at the surface. Since probing EIS relies on the charge

accumulation at the steady-state, such i-SSs may not be detectable by EIS. Heidary and co-

workers studied the interaction between HMF and NiOOH thin film using surface-enhanced Raman

spectroscopy and found that HMF can be adsorbed onto the surface of NiOOH.22The interaction

was found to be a non-covalent bond, as the team only observed a slight shift in the Raman signal.
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It is thus reasonable to think that HMF may have certain non-covalent interactions with WO3,

and this adsorbed HMF may be the i-SS that is responsible for ∂J/∂E-peak 1. Nevertheless, we

cannot discount the possibility of an outer sphere charge transfer mechanism between HMF and

WO3 where HMF directly inject electrons into WO3 without being adsorbed onto the WO3 surface.

Figure 3.4: DOS(E) as probed by EIS analysis of WO3 in NaPi electrolyte and HMF/NaPi solution

3.3 Conclusions

We demonstrated the use of an ∂J/∂E analysis of linear scanning voltammograms from a

photoanode in a system with competing oxidation reactions in predicting selectivity. We applied this

analysis to study the selectivity between HMF oxidation and water oxidation on WO3 photoanode

and found that the ∂J/∂E analysis can predict the selectivity trend of HMF oxidation over the OER.

The prediction is accurate at low applied potential and showed a deviation from the experimental

value at the higher applied potential. We attributed this deviation to the kinetics of the reaction

that should have a more profound effect at the higher bias. By comparing the ∂J/∂E curves to

EIS analysis, we conclude that ∂J/∂E provides additional information that helps to give insight

about the nature of surface states. Overall, we believe that this method could be used to give a

quick estimation of the selectivity of the reaction as the function of applied potential for other

photoelectrosynthesis systems.
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Chapter 4

Strategies to Improve FDCA Yield

4.1 Introduction

We have demonstrated in chapter 2 that the illuminated surface of WO3 can oxidize HMF to

FDCA, but the yield of the reaction is very modest. The majority of HMF undergoes a degradation

reaction, resulting in many unidentifiable products. In chapter 3, we show that the applied potential

has a great impact on the selectivity between HMF oxidation and the water oxidation reactions.

Nevertheless, the FDCA yield remains unchanged regardless of the applied potential. In this chapter,

various strategies to improve FDCA yield will be discussed. Different initial HMF concentrations

and the applied potentials to perform photoelectrolysis of HMF are employed due to the limitation

in the stability of the modified electrodes made with different strategies. For the sake of comparison,

we will regard any modification that ultimately leads to FDCA yield of lower than 1 % as not

significant in comparison to that of the bare WO3 electrode.

4.2 Results and discussion

4.2.1 MnOx

A plethora of heterogeneous electrocatalysts for HMF oxidation to FDCA have been shown in

the literature in the past few years. Many of these catalysts have achieved an FDCA yield of more

than 90 % with good stability.1–5 Nevertheless, almost all of these electrocatalysts are metal oxides

which are stable only in basic conditions. Therefore, many of the reported electrocatalysts cannot

be used with WO3 due to the pH mismatch. Only a few electrocatalysts for HMF oxidation have

been reported to function in acidic media. One of the most interesting ones is MnOx. Kubota
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and co-workers reported the use of MnOx as an electrocatalyst for HMF oxidation in pH 1 H2SO4

solution. The team found that the MnOx gives a modest FDCA yield of 53.8 %.6 With this

potential to improve FDCA yield and compatible pH range with WO3, we decided to apply MnOx

onto WO3 in order to improve the FDCA yield.

The amount of MnOx to be deposited onto WO3 was optimized first. The deposition of MnOx

was performed by photoelectrodeposition. The amount of the deposited MnOx was controlled by

the amount of the charge passed during the photoelectrodeposition. The resulting MnOx/WO3

electrodes were first assessed by LSV. The chopped-light linear sweep voltammograms are shown

in Figure 4.1. The voltammograms illustrate that the photocurrent drops with an increasing

amount of photoelectrodeposited MnOx. We hypothesized two explanations for the phenomenon:

The deposited MnOx progressively covers more surface of WO3 with an increasing amount of

photoelectrodeposited MnOx, preventing WO3 from directly oxidizing water and HMF. Since MnOx

is not a good catalyst for OER7, the current is reduced but the selectivity for HMF oxidation may

have improved. Alternatively, MnOx may act as a recombination center. The reduction in the

photocurrent is a result of the recombination loss at the surface of WO3.

Figure 4.1: Chopped-light linear sweep voltammogram of the MnOx/WO3 electrode with different amount
of passed charge for photoelectrodepositted MnOx.The voltammogram was recorded in 5 mM HMF solution
under 1 sun illumination.

To verify the proposed hypotheses, we performed extended photoelectrolysis of HMF using

MnOx/WO3 as a working electrode. The detail for the fabrication and the characterization of this

MnOx/WO3 working electrode is discussed in the Appendix C. The photoelectrolysis was performed

at 1.50 V vs. RHE in 0.1 M H2SO4 solution. We decided to keep the condition as close to what

was reported by Kubota and co-workers.6 We note that the applied potential will be different from

what was reported by Kubota and co-workers as there is an added photopotential from WO3 in our
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case, resulting in our actual applied potential to be higher than 1.50 V vs. RHE. Nevertheless, this

preliminary photoelectrolysis aims to investigate whether or not MnOx can improve the FDCA

yield. The evolution of HMF, the intermediates (DFF, HMFCA and FFCA; these three compounds

will be referred to as the intermediates hereafter) and FDCA are shown in Figure 4.2. The evolution

of the intermediates and FDCA are very low (with a yield of roughly 0.1 %) despite a majority of

HMF being consumed. The low evolution of the intermediates and FDCA found here is similar to

that observed when WO3 is used as a working electrode (Figure 2.2). As the deposition of MnOx

on WO3 reduces the photocurrent without improving FDCA yield, we believe that MnOx acts as a

recombination center and hence, cannot be used with WO3.

A) B)

Figure 4.2: The evolution of of A) HMF and B) the intermediates (HMFCA, DFF and FFCA) and the
product (FDCA) as a function of reaction time from the photoelectrolysis of HMF using the MnOx/WO3

as a working electrode. The photoelectrolysis was performed at 1 sun illumination and at the constant
applied potential of 1.50 V vs. RHE. The supporting electrolyte was 0.1 M H2SO4 at pH 1.

4.2.2 TEMPO

2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) has been shown in literature as an efficient

electrocatalyst for alcohol and aldehyde oxidation.8–11 As mentioned in chapter 1, Cha and co-

workers have demonstrated the use of TEMPO as a redox mediator for HMF oxidation to FDCA,

using BiVO4 as a photoanode with a very high FDCA yield of 99 %.12 Therefore, TEMPO is

an interesting electrocatalyst for HMF oxidation, but immobilization to the electrode surface is

required to reduce the amount of TEMPO needed. Due to its versatility in performing alcohol and

aldehyde oxidation, TEMPO has been modified with various supports.13 Nevertheless, almost all of

the immobilization strategies shown in the literature involve covalent modification. The structure

of TEMPO is modified with a linker group, before being covalently attached to a support such as

magnetic nanoparticles14,15, carbon nanotubes16, fullerene17–20, graphene oxide21 or polymers22–24.

Despite great success in immobilization of TEMPO to various supports via covalent modification,

employing this strategy with WO3 may result in poor electrode stability. As shown in chapter 2,
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WO3 can degrade HMF into various unidentifiable products. Organic linkers can be prone to

oxidative degradation in the same manner. If the linker is destroyed, the TEMPO molecule will

leach into the solution. Therefore, non-covalent modification is preferred in our system. Belgsir and

co-workers demonstrated the non-covalent immobilization technique using Nafion® film. The team

immobilized TEMPO by mixing TEMPO with Nafion® polymer solution, before casting it onto a

graphite felt electrode. The modified electrode was shown to have activity toward the oxidation of

the alcohol moiety on carbohydrates to give the respective carboxylic acids.25 Given this promising

strategy, we applied this technique to our system.

To assess the stability of the modified electrodes, the fabrication method was first optimized on

an FTO substrate. TEMPO was mixed with a commercial 5 wt % Nafion® solution in a mixture

of lower aliphatic alcohols and water to give a precursor solution with a concentration of 25 and 500

mg/mL. The precursor solutions were deposited onto an FTO substrate by drop casting, doctor

blading, spin coating and spray coating (only the precursor concentration of 25 mg/mL was used

for spray coating). Photographs of the fabricated electrodes are shown in Figure 4.3. The modified

electrode will be referred to with the method used in the fabrication and the concentration of

the precursor solution used in the fabrication e.g. the film fabricated by spin coating with the

precursor solution of 500 mg/mL will be referred to as the spin coating-500 electrode. Homogeneous

films (both translucent and transparent) are preferable as an inhomogeneous film can result in

non-reproducibility in the performance of the electrode. The drop casting-25, drop casting-500

and doctor blading-500 are non-homogeneous. Spray coating results in a more homogeneous and

translucent film. The films from the spin coating technique are homogeneous and transparent.
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Figure 4.3: Photographs of TEMPO/Nafion® modified electrodes fabricated by drop casting, spray
coating, doctor blading and spin coating using the precursor solution concentration of 25 and 500 mg/mL.
The modified electrode fabricated from spin coating method with the precursor concentration of 25 and 500
mg/mL have similar appearance. Only the film fabricated with the precursor concentration of 25 mg/ml is
shown here.

In a catalytic cycle, TEMPO is first oxidized to the oxoammonium ion (OXO) which is

the active species for alcohol and aldehyde oxidation. The oxo ion then oxidizes alcohols or

aldehydes and in turns, being reduced back to TEMPO (Figure 4.4).26 During photoelectrolysis,

the TEMPO/Nafion® modified electrodes have to go through many of catalytic cycles. Cyclic

voltammetry can be used to simulate this process and hence can be used to probe the stability of

the fabricated electrode.

N

O
N

O

- e-

+ e-

TEMPO OXO

Figure 4.4: Electron transfer reaction of TEMPO26

The CV was repeated for 50 scans. The cyclic voltammograms of the fabricated films are shown

in Figure C.2 - C.8. The cyclic voltammograms show reversible oxidation with an anodic peak

potential (Epa) and a cathodic peak potential (Epc) of 1.5 and 0.9 V vs. RHE respectively. The

Epa corresponds to the oxidation of TEMPO to OXO and the Epc corresponds to the reduction of
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OXO back to TEMPO. To better visualize the effect of the fabrication conditions on the stability

of the resulting modified electrodes, the anodic peak current (ipa) of each scan was extracted and

plotted against the cycle number (CN). We will refer to this plot as ipa-CN plot hereafter. The

ipa-CN plot illustrates the evolution of ipa as a function of cycle number, allowing one to track the

stability of the modified electrodes. The ipa-CN plot from the stability test of the TEMPO/Nafion®

modified electrodes are shown in Figure 4.5. The ipa of the doctor blading-25, spin coating-25

and spin coating-500 electrodes are very low. We suspected that the low ipa is the result of the

TEMPO/Nafion® film being too thin in the case of spin coating (both the spin coating-25 and spin

coating-500 electrodes). For the doctor blading-25 electrode, the low ipa is due to the low catalyst

loading in the film since the ipa of the doctor blading-500 electrode is significantly higher. The spray

coating-25, drop casting-25, drop casting-500 and doctor blading-500 electrodes experience a drop

in ipa with an increasing cycle number. The drop casting-25 electrode shows a peculiar behavior in

which the ipa increases and plateaus from the cycle number 5-15, before showing a steady decline.

The ipa at the plateau is also the highest ipa of all tested TEMPO/Nafion® modified electrodes.

This peculiar behavior may have been the result of the film thickness and the rough morphology.

The electrolyte may not fully penetrate through all of the Nafion® film in the first few potential

cycles. As the electrolyte penetrates through the Nafion® film, more immobilized TEMPO is

in contact with the electrolyte, and thus the film becomes more redox-active. Hence, the sharp

increase of the ipa in the first few potential cycling steps. The decline in the ipa shows the instability

of the electrodes. Two hypotheses were made to explain this decline. The immobilized TEMPO

can slowly leach out into the electrolyte. Although the leached TEMPO in the electrolyte can

still participate in the redox reaction, the dissolution will result in a decrease in the concentration

of TEMPO near the electrode surface. Hence, decreasing the ipa. Alternatively, TEMPO can be

degraded due to the potential cycling. The degradation of TEMPO is likely to result in many

degraded products, some of which would be redox-active. Should this be the case, many new

oxidation or reduction peaks from these redox-active degraded products would have appeared in

the cyclic voltammogram. As the emergence of a new peak was not observed, leaching of TEMPO

into the electrolyte is the more probable explanation for the instability of the TEMPO/Nafion®

modified electrodes. To further confirm the hypothesis on the leaching of TEMPO, the electrolyte

was replaced after CV 50 scans with a fresh electrolyte before another run of CV was performed.

The cyclic voltammograms before and after changing the solution are shown in Figure C.9 - C.15.

The ipa of the cyclic voltammogram in the fresh electrolyte is smaller in all of the electrodes tested

which confirms the leaching of TEMPO into the electrolyte.
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Figure 4.5: ipa-CN plot of the TEMPO/Nafion® modified electrode prepared with various fabrication
techniques and precursor concentrations.

Considering the ipa of all of the tested electrodes, the drop casting-500 electrode retains the

highest ipa after 50 cycles (Figure 4.5). In addition to this, the ipa in the fresh electrolyte of the

drop cast-500 electrode (Figure C.16) is also the highest, suggesting that the drop cast-500 electrode

retains the highest amount of TEMPO after 50 potential cyclings. Some immobilized TEMPO that

may be not well anchored to the substrate may leach out in the initial potential cycling. Once

these loosely bounded TEMPO has completely leached out, the decline in the ipa may stop. The

drop casting-500 electrode may be in the process of reaching the plateau. To test this hypothesis,

another drop casting-500 electrode was fabricated and the potential cycling was repeated for 350

cycles. The drop casting-500 electrode may show the stability of ipa if enough potential cycle has

been achieved. The cyclic voltammogram of the extended stability test is shown in Figure C.17

and the ipa-CN plot in shown in Figure 4.6.

The ipa of the drop casting-500 electrode in Figure 4.6 increases sharply in the first few cycle

number. The ipa reaches the maximum on the 8th cycle at 92 µA.cm−2 before it declines steadily

with increasing cycle number. The ipa does not show any sign of reaching the plateau and the ipa

after 350 potential cycling is very low (approximately 5 µA.cm−2). The immobilized TEMPO is

likely to keep leaching out and the ipa is unlikely to reach the plateau. In addition to this, the ipa

of the drop casting-500 electrode in Figure 4.5 and Figure 4.6 are also significantly different in

magnitude, despite the same fabrication technique and condition used in the fabrication of the two

electrodes. This comparison illustrates the poor reproducibility of the films fabricated by the drop

casting technique, likely due to the film inhomogeneity.
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Figure 4.6: ipa-CN plot of the extended stability test of the drop casting-500 electrode

To tackle the dissolution of TEMPO, 4-Hydroxy-TEMPO benzoate (Figure 4.7), the less water-

soluble derivative of TEMPO was used. This molecule will be referred to as TemBen hereafter.

Modified electrodes from TemBen/Nafion® were fabricated. To avoid the film inhomogeneity,

the spin coating was used exclusively for the fabrication of TemBen/Nafion® modified electrodes.

The solubility of TemBen in the commercial Nafion® precursor solution is also lower than that of

TEMPO. The preliminary solubility test was conducted and suggests that the maximum solubility of

TemBen in the commercial Nafion® precursor solution is approximately 166 mg/mL. Nevertheless,

when a higher concentration of TemBen in the precursor solution is used, the fabricated films tend

to be non-homogeneous. As a result, the lower TemBen concentration of 50 mg/mL was chosen

for the film fabrication step. The TemBen/Nafion® films were fabricated by spin coating on FTO

with a rotational speed of 500, 1000, 1500, 2000, 2500 and 3000 rpm. These electrodes will be

referred to by the speed used in the spin coating (e.g. the electrode that was fabricated using the

spin coating speed of 500 rpm will be referred to as the 500 rpm electrode) hereafter. The cyclic

voltammogram of TemBen (Figure C.18 - C.21) is similar to that of TEMPO with the Epa and

Epc also appearing at 1.5 and 0.9 V vs. RHE respectively. The electrode stability will be assessed

by cyclic voltammetry. The ipa-CN plot of the stability test of the TemBen/Nafion® modified

electrodes of various fabrication conditions is shown in Figure 4.8A.
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Figure 4.7: Structure of 4-Hydroxy-TEMPO benzoate (TemBen)

The ipa of all of the electrodes are very low (< 10 µA.cm−2) which could be the result of

the catalyst layer being too thin. The ipa of all of the electrodes show an initial drop in the

first few cycles before slowly increasing. We believe that the initial drop in the ipa is due to the

oxidation of the contamination at the surface of the electrodes. The current from the oxidation

of the contamination is pronounced here as the current from the oxidation of the immobilized

TemBen in these sets of electrodes is very low. The later increase of ipa may be explained by the

gradual penetration of the electrolyte into the Nafion® layer discussed earlier. The ipa of all of the

electrodes tested show minimal differences in magnitude from one another. The small difference

suggests that the spin speed has a small impact on the performance of the modified electrode.

Despite the low ipa, all of the modified electrodes show good stability in the first 50 scans as the ipa

do not show signs of decline as found in TEMPO/Nafion® modified electrode (Figure 4.5). To

further investigate the stability of the modified electrodes, another 500 rpm electrode was fabricated

and subjected to the extended stability test. Since all of the electrodes show very similar ipa after

50 scans, any of the electrodes could have been chosen for the extended stability test. The cyclic

voltammograms of the extended stability test are shown in Figure C.22 and the ipa-CN is shown in

Figure 4.8B. The ipa in the extended stability test follows the same trend as observed in the 500

rpm electrode in Figure 4.8A with the initial drop in the first few cycles before slowly increasing

with increasing cycle number. The ipa reached the maximum of 3.4 µA.cm−2 at the 70th cycle

before declining. The ipa declines back to the level after an initial drop of 1.6 µA.cm−2 after 130

cycles. The decline of the ipa shows the instability of the TemBen/Nafion® modified electrodes.
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A) B)

Figure 4.8: ipa-CN plot from A) stability test of TemBen/Nafion® modified electrodes of various
fabrication conditions and B) the extended stability test of the 500 rpm electrode.

The leaching of TenBen into the electrolyte may have been the reason for the decline of the ipa.

To prove this hypothesis, the electrolyte after the stability test was subjected to UV-Vis spectroscopy.

The UV-Vis absorption of these electrolytes was compared with the UV-Vis absorption of the

saturated TemBen solution in Figure 4.9. Due to the very small ipa, after the stability test (< 5

µA.cm−2) in every case, UV-Vis absorption is used to probe the leaching instead of comparing the

cyclic voltammogram of the cycling and the fresh electrolyte used to investigate TEMPO/Nafion®

modified electrodes. All of the electrolytes used in the stability tests show UV-Vis absorption

similar to that of the saturated TemBen solution. This confirms the hypothesis that TemBen

leaching is the cause of the instability of the electrolyte. Moreover, the UV-Vis absorption in all of

the tested electrolyte is smaller than that of the saturated TemBen solution suggesting that the

concentration of TemBen in these electrolytes has not reached saturation. Hence, TemBen will

continue to leach out of the Nafion® matrix which will further deteriorate the ipa.
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Figure 4.9: UV-Vis absorption spectra of the solution after stability test of various TemBen/Nafion®

modified electrodes and the UV-Vis absorption spectrum of the saturated TemBen solution.

Despite the possible leaching of TemBen into the electrolyte, the improved stability of the

TemBen/Nafion® modified electrodes may be enough to perform the electrolysis of HMF. We

therefore performed the electrolysis of HMF using TemBen/Nafion® modified electrodes. The

electrolysis of HMF was performed using the 500 rpm electrode. The current and passed charge as

a function of reaction time are shown in Figure 4.10A. The current drops sharply from 8 µA.cm−2

to almost 0 µA.cm−2. Shortly after the electrolysis, TemBen may have leached out from the

Nafion® matrix, causing the sharp drop in the current. Despite a sharp drop in the current, the

electrolysis was left running. The evolution of any of the intermediates would suggest the capability

of TemBen/Nafion® modified electrode to perform HMF oxidation. The stability and the current

of the TemBen/Nafion® can be further optimized. Nevertheless, the current continued to be very

low (almost 0 µA.cm−2). We decided to terminate the reaction after 23 hours. The linear sweep

voltammogram before and after the reaction (23 hours) is shown in Figure 4.10B. The current

density before the reaction was found to be around 8 µA.cm−2. The current density decayed over

the course of the reaction to approximately 0 µA.cm−2. This observation is in good agreement with

the relationship between the current as a function of reaction time (Figure 4.10A). We believe that

the reduction in the current at 1.5 V vs. RHE is due to the leaching of TemBen from the electrode

surface as discussed earlier. The linear sweep voltammogram after the electrolysis shows a higher

current density from the applied potential of 2.0 V vs. RHE onward. Water oxidation by FTO is

responsible for this current. The Nafion® layer may have hindered some part of the FTO surface

55



CHAPTER 4. STRATEGIES TO IMPROVE FDCA YIELD

at the beginning of the reaction, reducing the contact between FTO and the electrolyte. After the

extended electrolysis, the Nafion® may have also delaminated away from the electrode surface,

exposing more FTO to the electrolyte. The higher exposed FTO area to the electrolyte increases

the current density from the water oxidation reaction.

The total passed charge after the reaction is very low, 50 mC (Figure 4.10A). If this amount of

charge were to be used to oxidize HMF, only 5.2 µM would have been consumed (the calculation is

shown in the Appendix: Calculation for HMF consumption from photoelectrolysis of HMF using

TemBen/Nafion® modified electrode). The concentration of HMF, the intermediates and FDCA as

determined by HPLC before and after the electrolysis are shown in Table 4.1. The concentration of

HMF reduced by 22 µM after the reaction with no detectable evolution of any of the intermediates

nor the product, FDCA. We have shown in our control study that HMF degrades slowly under

illumination (Table A.1). In addition, if TemBen could act as a catalyst for HMF oxidation, the

evolution of some of the intermediates should have been detected. Therefore, we conclude that the

observed reduction in HMF concentration is mainly due to this degradation under the illumination

of HMF and TemBen cannot catalyze HMF oxidation.

A) B)

Figure 4.10: A) Chronoameperogram with passed charge and B) linear sweep voltammograms before and
after the electrolysis of HMF solution using the 500 rpm electrode as a working electrode. The electrolysis
was performed at the applied potential of 1.5 V vs. RHE in NaBi solution at pH 9

Concentration (µM)

HMF DFF HMFCA FFCA FDCA

Before 485 0 0 0 0

After 463 0 0 0 0

Table 4.1: Concentration of HMF, DFF, HMFCA, FFCA and FDCA before and after electrolysis of HMF
solution using TemBen/Nafion®/FTO electrode as a working electrode.
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In summary, the immobilization of TEMPO using Nafion® can be realized but the modified

electrodes suffer from instability due to the gradual leaching of TEMPO into the electrolyte.

Replacing TEMPO with the derivative with lower water solubility helps improve the stability of

the modified electrode but the leaching still compromises the electrode stability. The electrolysis of

the TemBen/Nafion® modified electrode shows that TemBen is likely to leach away quickly from

the electrode surface under the operating conditions. No evidence of the capability of TemBen to

catalyze HMF oxidation was found. Therefore, neither TEMPO/Nafion® nor TemBen/Nafion®

modified electrodes are suitable for performing HMF oxidation due to the low stability of the

catalyst layer.

4.2.3 NHPI

The strategy to immobilize electrocatalysts onto the electrode surface using Nafion® remains a

feasible strategy. To tackle the issues of low current and electrode stability, we sought to replace

TEMPO with other electrocatalysts for HMF oxidation. N-Hydroxyphthalimide (NHPI) is an

interesting replacement for TEMPO as this molecule has been shown to catalyze various alcohol

and aldehyde oxidation reactions to carboxylic acids.27–32 Kompanets and co-workers reported

the use of NHPI (with Cu2+ salt as a co-catalyst) to perform aerobic oxidation of HMF to DFF

with a moderate yield.33 To the best of our knowledge, NHPI has never been shown to catalyze

electrochemical HMF oxidation. Therefore, the ability of NHPI to catalyze electrochemical HMF

oxidation has to be first verified. During the catalytic cycle, NHPI is first oxidized to phthalimide

N-Oxyl (PINO) which is the active species for the catalytic alcohol and aldehyde oxidation. This

active species, PINO, then oxidizes alcohols or aldehydes and in turn, is reduced back to NHPI

(Figure 4.11).26

N

O

O

OH N

O

O

O
+e-  +H+

-e-  -H+

NHPI PINO

Figure 4.11: Electron transfer reaction of NHPI26

Cyclic voltammetry was used to assess the ability of NHPI to catalyze HMF oxidation electro-

chemically. The cyclic voltammograms are shown in Figure 4.12. The cyclic voltammogram of the

electrolyte containing NHPI shows a quasi-reversible behavior. The oxidation of NHPI to PINO

gives rise to the anodic peak with Epa of 2.2 V vs. RHE, while the reduction of PINO back to
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NHPI causes the cathodic peak with Epc of 0.9 V vs. RHE. When HMF is introduced into the

electrolyte, the cathodic peak disappears while the anodic peak remains roughly the same. The

newly formed PINO rapidly oxidizes HMF and is reduced back to NHPI, causing the disappearance

of the cathodic peak. This suggests that NHPI can catalyze HMF oxidation electrochemically.
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Figure 4.12: Cyclic voltammograms of the blank electrolyte (NaPi) , 7.5 mM NHPI in NaPi solution and
7.5 mM NHPI + 5 mM HMF in NaPi solution. Graphite rode was used as a working electrode.

With a promising result from a graphite electrode, the graphite rod was replaced with WO3 as

a working electrode. The CVs were run both under 1 sun illumination and in the dark. The cyclic

voltammograms are shown in Figure 4.13. In the dark, the cyclic voltammograms in the solution

with and without NHPI show no difference. Under illumination, the increase in photocurrent

of approximately 100 µA.cm−2 is observed. The onset potential is also shifted cathodically by

150 mV. Nevertheless, no ipa nor ipc is observed. The absence of the ipa may be caused by the

faster kinetics of NHPI oxidation and the mass transfer of NHPI from the bulk to the electrode

surface at this concentration compared to the rate of hole diffusion to the surface. The increased

photocurrent when NHPI is presence, suggests that WO3 can oxidize NHPI. Nevertheless, since the

reversibility cannot be observed, we cannot conclude whether NHPI is oxidized to PINO (which

should subsequently oxidize HMF) or being degraded.
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Figure 4.13: Cyclic voltammograms of WO3 under illumination and in the dark in the blank solution
(NaPi solution) and 7.5 mM NHPI in NaPi solution

To investigate the ability of NHPI as a catalyst for HMF oxidation with WO3 as a working

electrode, the photoelectrolyses of the solutions containing NHPI, HMF and both HMF and NHPI

over WO3 were conducted. The photocurrent and the passed charge as a function of the reaction

time of all three solutions tested are depicted in Figure 4.14. Both the photocurrent and the passed

charge of the solution containing 1 mM HMF are the highest followed by that of 1 mM HMF +

1.5 mM NHPI. The solution containing 1.5 mM NHPI gives the lowest photocurrent and passed

charge. This suggests that WO3 has higher reactivity toward HMF as compared to NHPI. Since

the photocurrent and the passed charge of the solution containing both HMF and NHPI is lower

than that of HMF alone, it can be inferred that NHPI reduces the reactivity of WO3 toward HMF.
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Figure 4.14: Photocurrent and the passed charge as a function of reaction time of the photoelectrolysis of
the solution containing 1.5 mM NHPI, 1 mM HMF and both 1.5 mM NHPI and 1 mM HMF over WO3.
The photoelectrolyses were performed under 1 sun illumination and at the applied potential of 1.43 V vs.
RHE

The concentration of HMF, the intermediates and FDCA as a function of passed charge from

the photoelectrolysis of the solution containing HMF and both HMF and NHPI are shown in Figure

4.15. The consumption of HMF in both cases remains roughly the same. The evolution of the

intermediates shows an improvement with the presence of NHPI. The concentration of DFF is

slightly higher at the same amount of passed charge. The increase in the concentration is more

pronounced for HMFCA and FFCA. The biggest improvement is observed in the product, FDCA.

Without NHPI, the concentration of FDCA starts to decline after 30 C of charge has been passed.

The decline is due to the degradation of FDCA by WO3 discussed in chapter 2. Such decline is not

observed when NHPI is presence. Despite an improvement in the concentration of FDCA and the

disappearance of the decline in the FDCA concentration in the prolonged reaction, the yield of

FDCA remains low (≈ 1 %).
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Figure 4.15: Concentration of HMF, DFF, HMFCA, FFCA and FDCA as a function of a passed charge
from the photoelectrolysis of the solution containing HMF (denoted as control) and both HMF and NHPI
(denoted as with NHPI).

The HPLC chromatograms from the photoelectrolysis of NHPI give an insight into the improved

yield. First, the peak position of NHPI is determined. The chromatogram of 1 mM NHPI (Figure

4.16A) shows an unusual behavior where two peaks at the retention time (r.t.) of 33 and 77 minutes

(these two peaks will be denoted as the rt-33 and rt-77 peak respectively hereafter) are observed.

The rt-77 peak is much larger than the rt-33 peak. A tailing effect is also observed between the

two peaks. NHPI has been used as a catalyst in many aerobic oxidation.28,34–36 In other words,

NHPI can be oxidized to PINO by atmospheric oxygen. We believe that the two peaks in the

chromatogram belong to NHPI and PINO. The photoelectrolysis of NHPI was performed to aid

the peak assignment. The peak area of the two peaks show an opposite trend where the rt-33 peak

increases while the rt-77 peak decreases as the reaction progress (Figure 4.16B). We, therefore,

hypothesized that the rt-33 peak and the rt-77 peak belong to PINO and NHPI respectively.

A) B)

Figure 4.16: A) HPLC chromatogram of NHPI solution (1 mM) in NaPi buffer. The inset shows the
tailing between the rt-33 and rt-77 peaks. B) Peak area of the rt-33 and rt-77 as a function of reaction
time from photoelectrolysis of NHPI over WO3 electrode
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The HPLC chromatogram before and after the photoelectrolysis of NHPI (Figure 4.17) suggests

the degradation of NHPI by WO3. Many new peaks appear after the photoelectrolysis. We believe

that WO3 can oxidize NHPI to PINO but can also degrade NHPI into multiple products. In

addition to this, a comparison between the chromatogram of the NHPI and the NHPI+HMF

solution after photoelectrolysis over WO3 (Figure 4.18) suggests a peak overlap for FDCA and

HMFCA. Two of the degraded products of NHPI appear at a retention time close to that of FDCA

and HMFCA (retention times of 21.14 and 27.73 minutes respectively). The peak overlap results in

an overestimation of the concentration of HMFCA and FDCA in the photoelectrolysis of the NHPI

+ HMF solution discussed earlier.
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Figure 4.17: HPLC chromatogram of NHPI solution before and after photoelectrolysis over WO3

Despite the overestimation of FDCA concentration due to the peak overlapping, the concentration

of FDCA remains low. The calculated yield remains around 1 % despite a possible formation of

the catalytic active species, PINO. This suggests that PINO may not be able to perform HMF

oxidation and hence cannot be used as a catalyst under the current condition. Another possibility

for the low FDCA yield is the produced FDCA is degraded by WO3 as shown in Table 2.1, as the

rate constant for FDCA degradation is very high. The presence of NHPI may have improved the

FDCA yield but the produced FDCA is destroyed by WO3. The degradation of NHPI by WO3 also

adds complexity to the system as NHPI now acts as another organic reactant for the degradation

reaction. The kinetics and selectivity of the HMF oxidation may have been interfered with by the

introduction of other competing substrates. To exclude the possible convolution of these factors, we
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sought to mix PINO and HMF solutions and observe whether or not PINO can chemically oxidize

HMF.
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Figure 4.18: HPLC chromatogram of the HMF+NHPI and NHPI solution after the photoelectrolysis over
WO3

To realize this, the electrolysis of NHPI to produce PINO was performed over FTO to prevent

the degradation of NHPI. The chromatograms before and after the electrolysis (Figure C.23) show

an increase in the rt-33 peak area and a reduction in the rt-77 peak. Despite a stoichiometric

amount of charge to perform 1-electron oxidation of NHPI to PINO being passed (7.24 C), the rt-77

peak is still present. This suggests a non-unity conversion of NHPI to PINO. Nevertheless, unlike

the photoelectrolysis of NHPI over WO3, no other observable peak besides the rt-33 and the rt-77

peaks is observed. This suggests that NHPI is not degraded under this electrolysis condition. The

water oxidation reaction may have been a competing reaction since the electrolysis was performed

at high applied potential (2 V vs. RHE). Based on the HPLC chromatogram, NHPI was partially

converted to PINO. The solution after electrolysis was then mixed with the HMF solution (1 mM).

The resulting solution was left stirring in the dark for 2 hours. Aliquotes from the resulting solution

were taken immediately after the mixing and after 2 hours of stirring in the dark and were subjected

to HPLC analysis. The resulting concentration of HMF, the intermediates and FDCA and the peak

area of the rt-33 and the rt-77 peak are shown in Table 4.2.

If PINO is capable of oxidizing HMF, the concentration of HMF should decrease while the

evolution of some of the intermediates or FDCA should be observed. The peak area of the rt-33

and the rt-77 peak should reduce and increase respectively as PINO oxidizes HMF and is reduced

back to NHPI. An almost opposite behavior was observed. No evolution of the intermediates

or FDCA was observed even after 2 hours of continuous stirring while the HMF concentration
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dropped slightly. The rt-33 peak area increases while the rt-77 peak area drops after 2 hours. This

observation suggests that NHPI cannot oxidize HMF to FDCA at the current condition. The slight

drop in HMF concentration can be the result of aerobic oxidation. The change in the peak area

of the rt-33 and the rt-77 peaks can also be the result of aerobic oxidation as NHPI has been

reported to be a catalyst in many aerobic oxidations.28,35–39 The oxidation of NHPI to PINO by

the atmospheric oxygen results in the reduction of the rt-77 peak and the increase in the rt-33 peak

area. In summary, NHPI cannot be used as a catalyst for HMF oxidation.

Time

(hrs)

Concentration (µM) Peak area (AU)

HMF DFF HMFCA FFCA FDCA rt-33 rt-77

Immediately after mixing 559 0 0 0 0 1,013,454 1,877,127

2 540 0 0 0 0 1,146,748 1,800,394

Table 4.2: Concentration of HMF, DFF, HMFCA, FFCA, FDCA and the peak area of the rt-33 and the
rt-77 peaks immediately after mixing the electrolyte from the electrolysis of NHPI using FTO as a working
electrode with HMF solution and after 2 hours of stirring in the dark

4.3 Conclusions

Four electrocatalysts were introduced to the surface of WO3 with an aim to improve the

FDCA yield. The introduction of MnOx results in a significant drop in the photocurrent with no

improvement in the FDCA yield. Manganese oxides act as a recombination center when deposited

onto the surface of WO3. The TEMPO/Nafion® modified electrode shows a promising capability

of oxidizing HMF but the electrode suffers from poor stability as TEMPO slowly leaches away

from the Nafion® matrix. Replacing TEMPO with TemBen, the less water-soluble derivative of

TEMPO, helps slow down the leaching, but the electrode stability remains insufficient for the

extended electrolysis of HMF. The alternative electrocatalyst, NHPI, cannot oxidize HMF despite

showing a promising result in CV. NHPI can undergo degradation on WO3 in the photoelectrolysis

condition. In conclusion, none of the catalysts tested can significantly improve the FDCA yield.
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Chapter 5

Effects of Oxygen Vacancies on the

Physical and Photoelectrochemical

Properties of Copper Tungstate

Photoanodes

5.1 Introduction

In the previous chapters, WO3 was used as the photoatctive material in photoanodes. However,

this material has a wide band gap which permits WO3 to utilize only a small portion of the

solar radiation spectrum. To address this limitation researchers have turned to the ternary metal

oxide analogs of WO3, many examples of these ternary metal oxides such as α –SnWO4
1–3, and

Fe2WO6
4,5 have been shown to have smaller bandgaps while retaining the stability of WO3 in acid.

Copper tungstate (CuWO4) is one example of these ternary metal oxides. The bandgap of CuWO4

has been reported in the range of 2.3 - 2.4 eV6, which is approximately 0.5 eV smaller than that of

WO3 (2.7-2.8 eV)6,7.The shrinkage of the bandgap of CuWO4 is due to the less positive valence

band edge of CuWO4 compared to that of WO3. The conduction band and the valence band of

WO3 mainly compose of the contribution from W 5d orbitals and the O 2p orbitals respectively.

For CuWO4, while the conduction band remains largely composed of the contribution from W 5d

orbitals at the same energy level as in WO3, the valence band has the additional contribution from

the Cu 2d orbitals in addition to that of the O 2p orbitals. The added contribution from the Cu 3d
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orbitals results in the less positive valence band edge in CuWO4, which in turn is smaller than the

band gap value of this ternary metal oxide (Figure 5.1).8

Figure 5.1: Band diagrams for CuWO4 and WO3. Adapted from ref.8 with the permission of © 2011
Royal Society of Chemistry Publishing

In addition to a smaller band gap, CuWO4 processes other advantages over WO3. The stability

over a larger pH range is one of the key advantages. While WO3 is only stable in strongly acidic

conditions and starts to dissolve in the solution from pH > 5,9 CuWO4 has been reported to be

stable up to pH 10.10 The larger range of pH stability allows this ternary oxide to be used not only

in acidic conditions but also in neutral and even dilute basic conditions which help expand the

application range for this material. Improved photostability is another key advantage of CuWO4.

WO3 has moderate selectivity toward the OER and produces peroxide species as side products

when performing water oxidation.11 The produced peroxide species, in turn, degrade the surface of

WO3, resulting in poor photostability over an extended period of operation time. CuWO4 has been

shown to have nearly unity selectivity toward the OER reaction, resulting in greater photostability

in comparison to WO3.
12 Despite some key advantages of CuWO4 over WO3, this ternary metal

oxide has been shown to have low charge separation efficiency (ηsep) which results in the observed

photocurrent to be much lower than the theoretical maximum photocurrent density (Jmax).
13

In an ideal case where all of the absorbed photons with energy equal to or greater than the band

gap of the photoanode materials are used in the OER, Jmax is the function of the band gap energy

(Figure 5.2A). In practice, however, the observed photocurrent (JPEC) is lower than Jmax due to

the loss from charge recombination (Figure 5.2B). Not every photogenerated hole participates in

the OER at the surface of the photoanode. Multiple recombination pathways, both in the bulk
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and at the surface of the photoanode, can consume the photogenerated holes, preventing them

from participating in the OER at the surface. These recombination pathways in the bulk and at

the surface of the photoanode are summarized in Figure 5.2C and 5.2D respectively. Pathway 3

is the desired pathway in which the photogenerated holes diffuse from the bulk to the surface of

the photoanode and participate in the OER while the photogenerated electron is collected at the

Ohmic contact. This desired pathway is the only pathway in these two diagrams that result in a

photocurrent. The other pathways result in a recombination loss.

In the bulk, there are two possible recombination pathways. The photogenerated electron in

the CB can undergo recombination with the photogenerated holes in the VB. This pathway is

known as band-to-band recombination (Figure 5.2C, pathway 1). Alternatively, the photogenerated

electron-hole pair can recombine at a trap state within the bulk. This pathway is referred to

as recombination via defect states in the bulk (Figure 5.2C, pathway 2). At the surface of the

photoanode, despite the fact that the built-in electron field from the band-bending improves the

charge separation, the recombination of the photogenerated hole is still possible. The photogenerated

holes can recombine at the surface trap states (Figure 5.2D, pathway 4) or recombine with the

electron in the conduction band (back electron-hole pair recombination, Figure 5.2D, pathway 5).14

These recombination pathways at the surface compete with the OER.

A)

B)

C) D)

Figure 5.2: A) Theoretical maximum photocurrent (Jmax as a function of the band gap of a semiconductor.
B) LSV showing Jmax and JPEC . Scheme of charge separation and recombination C) in the bulk and D)
at the surface of a photoanode. Figure A) is adapted from ref.13 with the permission of © 2019 Royal
Society of Chemistry Publishing. Figures C) and D) are adapted from ref.14 with the permission of ©
2021 Springer Nature publishing

The relationship between Jmax and JPEC is described in Equation 5.1. Here, ηsep and ηinj are
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the efficiency of charge separation in the bulk and the efficiency of the charge injection into the

solution respectively.15

JPEC = Jmax × ηsep × ηinj (5.1)

Most metal oxide photoanode materials suffer from low ηsep, CuWO4 included. The value of the

ηinj for most materials is higher than ηsep. Additionally, ηinj can be improved by the decoration

with an electrocatalyst for OER onto the surface of the photoanode while ηsep is more challenging

to improve as it stems from the bulk properties of the photoanode.13 Therefore, the focus has

typically been shifted toward improving ηsep. Doping has been shown to be an effective methods

to mitigate low photocurrent. Dopants are introduced to the bulk of the material (CuWO4 in

this case) to improve the charge transport (from the bulk to the surface), resulting in improved

photocurrent. An oxygen vacancy (OV) is one of the example dopants in metal oxides. This loss in

the oxygen atoms in the semiconductor crystal is one of the most common defects in metal oxides

and has also been reported to be a dopant in many metal oxide semiconductors as well. Since the

presence of an OV results in the reduction of some metals in the metal oxide crystal, an OV is

considered an n-type dopant.

For CuWO4, OVs have been shown to help improve the photocurrent. The presence of the

OVs have been linked to increased electron conductivity in the bulk16–20 as well as improved

charge separation and charge injection efficiency16,17,20. Nevertheless, if OV only helps improve

the photocurrent, then one would expect the photocurrent to increase with the number of OVs

before eventually reaching a plateau where the increase in the number of OVs no longer improves

the photocurrent. In reality, multiple reports have shown a different story from this ideal case. The

photocurrent does go up with the number of OV. Once too many OVs are introduced to the system,

the photocurrent does not plateau but rather decreases.17,18,20 In other words, there is an optimum

point in the number of OVs whereafter too many has a detrimental effect on the photocurrent.

Guo and co-workers studied the effect of OV on the CuWO4 and found that despite the fact that

CuWO4 with more OVs exhibits higher photocurrent, the presence of OVs increases the charge

recombination at the surface. The authors suggested that OVs create trap states at the surface of

CuWO4 which causes charge recombination.16

Despite such observations in many reports, the focus has been shifted toward understanding the

benefit of an OV to the photocurrent but few try to address the reason for the negative impact

when an excessive number of OVs are present in the system. Multiple factors contribute to the

photocurrent. While some factors such as electron conductivity may improve the photocurrent,
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some other factors such as the density of the surface trap state have an adverse effect. An OV may

increase the number of species for many factors (for example increasing both electron conductivity

and the density of the surface trap state) resulting in an optimum point for the improvement of the

photocurrent. In this chapter, a series of CuWO4 with different numbers of OVs were fabricated and

the effect of the number of OVs on the factors that affect the photocurrent of CuWO4 is explored.

The reasons behind both positive and negative effects of the number of OVs on the photocurrent

are investigated and discussed.

5.2 Results and discussion

Copper tungstate films with a different number of OVs were fabricated using a sol-gel method.

The precursor solution was deposited onto an FTO substrate by spin coating and then annealed

under compressed air at 550 °C for 1 hour. OVs were introduced by subjecting the CuWO4 film to

secondary annealing under a reductive atmosphere (13 % H2 in Ar, at 300 °C) for different amounts

of time. It is predicted that longer the secondary annealing times, lead to more OVs present in the

film. The full detail of the synthesis is discussed in the experimental section in the Appendix D.

Four conditions of the CuWO4 films were fabricated (conditions A, B, C, and D). The photograph

of these CuWO4 films on an FTO substrate is shown in Figure 5.3. The film in condition A was

not subjected to secondary annealing while the films in conditions B, C, and D were subjected to

secondary annealing for 20, 60, and 80 minutes respectively.

A B C D

Figure 5.3: Photograph of CuWO4 films for conditions A, B, C and D on FTO substrates (∼ 1.25 × 2.5
cm)

The number of OVs can be indirectly determined by the oxidation state of the constituent

metals in the films.21 Therefore, the four films were subjected to x-ray photoelectron spectroscopy

(XPS) to determine the oxidation state of Cu and W in each of the conditions. The XPS spectra

for Cu and W are shown in Figure 5.4A and 5.4B respectively. The Cu 2p3/2 peak can be used to

quantify the relative amount between Cu(II) and Cu(I)/Cu(0). The main Cu 2p3/2 peak appears

around 933 eV. If Cu(II) is present, two satellite peaks at around 940 - 947 eV will appear. The

73



CHAPTER 5. EFFECTS OF OXYGEN VACANCIES ON THE PHYSICAL AND
PHOTOELECTROCHEMICAL PROPERTIES OF COPPER TUNGSTATE PHOTOANODES

presence of Cu(I) or Cu(0) gives rise to another main peak around 933 eV. The exact peak position

of these four peaks differs from sample to sample.22 Nevertheless, XPS cannot distinguish between

Cu(I) and Cu(0) due to the peak overlapping.23 The ratio between the peak area of peak 2-4 and

peak 1 gives the relative ratio between Cu(II) and Cu(I)/Cu(0) in the sample.24 The percentage of

Cu(I)/Cu(0) to the total Cu of the four conditions for the CuWO4 films is shown in Table 5.1. The

percentage of Cu(I)/Cu(0) to the total Cu increase progressively from 17 % in condition A to 64 %

in condition D. For W, both W(V) and W(VI) give rise to a doublet in W 4f binding region (W

3f5/2 and W 3f7/2). The doublet peak of W(VI) appears at higher binding energy around 36 and

38 eV compared to that of W(V) at 34.8 and 36.8 eV.21 In all four conditions, no presence of W(V)

is observed. All of the W atoms remain at a +6 oxidation state. This behavior where the reduction

only affects Cu atoms and leaves W intact is in line with previous reports.20 Since 2 Cu(I) atoms

give rise to 1 OV site while 1 Cu(0) atom will bring about 1 OV site, the relative ratio between

Cu(I) and Cu(0) is crucial to determine the percentage of OV in the film. As this ratio cannot be

reliably determined, the percentage of OV cannot be exactly calculated. Nevertheless, we believe

that the number of OVs increases with the percentage of Cu(I)/Cu(0) to the total Cu. Therefore,

the number of OVs in condition D > C > B > A.

A) B)

Figure 5.4: XPS spectra of CuWO4 films for conditions A, B, C and D. A) A Zoom in of Cu 2p3/2 region
and B) A zoom in of W 4f region.
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Condition
Percentage of Cu(I)/Cu(0)

to the total copper (%)

A 17

B 33

C 50

D 64

Table 5.1: Percentage between Cu(I)/Cu(0) to the total copper of the electrode in condition A, B, C and
D as determined from XPS.

It can be seen in Figure 5.3 that the CuWO4 films appear darker with an increasing number of

OVs. The condition A film is yellow while the condition D is grey. The band gap of the film at all

four conditions was determined by Tauc plot (Figure D.1) and was found to be identical at 2.5

eV. Despite having the same band gap, the UV-Vis absorption spectra (Figure 5.5) show broad

absorption in the sub-band gap region (λ > 496 nm), increasing from condition A to D. The darker

appearance and the increase in the sub-band gap region are in line with work performed by Tang

and co-workers.17
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Figure 5.5: UV-Vis spectra of the CuWO4 film condition A, B, C and D

The morphology of the films was examined by scanning electron microscope (SEM). The electron

micrographs are shown in Figure 5.6. All four conditions were found to produce films with porous

morphology. A cross-sectional SEM micrograph of the condition A film (Figure D.2) suggests that
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the film thickness is approximately 400 nm. Nevertheless, independent particles with sizes ranging

from 200-700 nm are observed on the surface of the films in conditions C and D (Figure 5.6C and

Figure 5.6D). The number of these particles in condition D is higher than in condition C. These

particles have well-defined crystal facets, suggesting that these particles may be crystalline.

A) B)

C) D)

5 µm 5 µm

5 µm 5 µm

Figure 5.6: Top-down SEM micrographs of CuWO4 films of A) condition A, B) condition B, C) condition
C and D) condition D.

The chemical and structural identity of the CuWO4 film of all four conditions is examined using

Raman spectroscopy and X-ray diffraction (XRD). The Raman spectrum (Figure 5.7A) for each

condition is identical to the reference spectrum reported in the literature, confirming the identity of

CuWO4.
25 The XRD spectra are shown in Figure 5.7B. The XRD spectra for the condition A and

B films are identical to one another. Apart from the diffraction peaks from the FTO substrate,

every peak corresponds well with the reference spectrum. It should be noted that some peaks in

the reference spectrum do not appear as the XRD spectra shown here are obtained from the thin

film of CuWO4, not powder. The XRD spectrum of conditions C and D start to show signs of

peak broadening as compared to the spectra of conditions A and B. Some small peaks also start to

disappear (a peak at 2θ = 19.5° and peaks at 2θ ranges from 29° - 34°). This phenomenon has been

suggested to arise from the loss of crystallinity.17 The degree of peak broadening and disappearing

in condition D is more pronounced than the condition C. Interestingly, a peak at 43.5 degrees

emerges in conditions C and D (highlighted in blue in 5.7B). The intensity of this emerging peak in
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condition D is higher than that of condition C, contradicting the peaks of CuWO4 which show signs

of broadening and disappearance . The new peak does not match with the peaks in the reference

spectrum, suggesting a formation of a new phase not belonging to CuWO4. The comparison of this

emerging peak to the diffraction patterns of the species related to CuWO4 (Cu metal, CuO, Cu2O,

W metal, and WO3) suggests that this emerging peak may have come from the diffraction pattern

of Cu metal (Figure 5.7C). The formation of Cu(0) suggests that the particles observed on the

surface of the condition C and D films might be Cu metal particles (Figure 5.6C and Figure 5.6D).

The higher XRD peak intensity of condition D compared to condition C also reflects the larger

abundance of the crystalline particles found on the surface of the condition D film. In addition, the

formation of Cu particles may have contributed to a broad absorption in the sub-band gap region

observed in the UV-Vis absorption spectra (Figure 5.5).

A) B) C)

Figure 5.7: A) Raman spectra and B) XRD spectra of the CuWO4 films for conditions A, B, C and D. C)
Comparison of the XRD spectrum of condition D film with various reference spectra.

Photoelectrochemical properties were examined using a chopped-light illumination linear sweep

voltammogram. The voltammograms of the four condition CuWO4 conditions are shown in Figure

5.8A. The photocurrent density at 1.23 V vs. RHE (J1.23V vs.RHE) is one of the parameters used to

assess the performance of a photoanode. Here, it is found that condition A produces the highest

photocurrent density at this potential. The J1.23V vs.RHE decreases with an increasing number of

OVs (Figure 5.8B). Nevertheless, at higher potentials greater than 1.75 V vs. RHE (Figure 5.8C),

condition B produces the highest photocurrent density, slightly higher than that of condition A. The

photocurrent of the condition C and D films are lower than that of the condition A and B at both
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1.23 and 1.75 V vs. RHE. This observation infers that the number of OVs in these two conditions

are already beyond the optimum point. Furthermore, the photocurrent of the condition C film

is higher that that of D at both applied potentials which suggests that an excess number of OV

pose a detrimental effect to the photocurrent. As for conditions A and B, since the photocurrent

density at 1.75 V vs. RHE of B is only slightly higher than that of condition A, it is possible that

the optimum point for the number of OVs lies between conditions A and B. The gap between the

percentage of Cu(I)/Cu(0) between the condition A and B (17 % and 33 % respectively, Table 5.1)

is also relatively big. The optimum point of the number of OVs may reside between the percentage

of Cu(I)/Cu(0) of 17 % and 33 %. To discount this possibility, CuWO4 films with a secondary

annealing time of 5 and 10 minutes were fabricated and subjected to photoelectrochemical testing.

Since the annealing time for the secondary annealing of the condition B electrode is 20 minutes,

the number of OVs in these two films should lie between that conditions A and B. If the optimum

point for the number of OVs exits between conditions A and B, the photocurrent density of these

two films should be higher than that of conditions A and B. Nevertheless, the photocurrent density

of these two new middle conditions are lower than that of condition B at both 1.23 and 1.75 V vs.

RHE (Figure D.3A and D.3B). We, therefore, conclude that there is no optimum point between

conditions A and B. Currently, condition A gives the highest photocurrent density at 1.23 V vs.

RHE, while at the higher applied potential of 1.75 V vs. RHE, condition B is the optimum condition.

We believe that the efficiency of charge separation (ηsep) and the efficiency of charge injection

(ηinj) may account for this difference in the optimum point at the different conditions and will be

discussed later.

Another key difference between the voltammograms in condition A and the rest is the onset

potential of the dark current. The dark current onset of condition A film is around 2 V vs.

RHE while the rest start at around 1.8 V vs. RHE. The shift of the onset potential to the more

negative potential can be linked to the introduction of the electrocatalyst onto the surface of

the photoelectrode. Nevertheless, the introduction of the electrocatalyst onto the surface of the

photoanode should also result in an improved photocurrent which is not observed here. In addition,

the charge injection efficiency (ηinj) of the photoanode decorated with an electrocatalyst should be

higher than that of the bare photoanode. Again, this is not observed in the case presented here

(discussed later). Therefore, the improvement in the dark onset potential is unlikely due to the

formation of the electrocatalyst species during the secondary annealing. Since the introduction

of OVs has been shown to improve the electron conductivity in the bulk19,20, we believe that the

improved dark current onset potential is likely due to the improved film conductivity.
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A) B) C)

Figure 5.8: A) Chopped-light illumination linear sweep voltammograms of CuWO4 films condition A, B,
C and D (in 0.1 M KPi buffer pH 7). Average photocurrent density at B) 1.23 V vs. RHE and at D) 1.75
V vs. RHE of CuWO4 films condition A, B, C and D. The average photocurrent was calculated from three
samples per condition.

After multiple consecutive LSV runs, the condition C and D films were noticeably damaged

(Figure 5.9A). The areas subjected to LSV testing became pale in color which could be a sign of a

film dissolution. To gain more insight, the condition D film after LSV was examined using SEM

(Figure 5.9B). Here, part of the film is still visible but the FTO substrate is now visible in some

parts. The CuWO4 fully covers an FTO substrate before the LSV run (Figure 5.6D). This confirms

the film’s dissolution during the LSV run. A clear difference in the film before and after the LSV

run is also observed in Raman spectra for both condition C and D. After the LSV run, the peak

at 904 cm−1 disappear in both conditions. These new Raman spectra match very well with the

reference spectrum of WO3. We believe that the poor stability of the film in both conditions arises

from the over-reduction of both films leading to an excess of Cu atoms that have been reduced

to Cu(0). These reduced Cu (0) atoms move out of the crystal lattice of CuWO4, causing both a

reduction in the crystallinity, as observed in XRD in Figure 5.7B, as well as agglomerate to form a

crystalline Cu(0) particles. Note that the percentage of reduced Cu in condition B may not be high

enough to cause agglomeration. Hence the preserved crystallinity is seen in the XRD spectrum.

During the LSV run, the agglomerate Cu(0) particles are re-oxidized back to Cu(II), but since they

are not part of the crystal lattice of CuWO4, the oxidized Cu(II) atoms dissolve into the solution,

leaving behind a non-crystalline WO3.
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Figure 5.9: A) Photographs of CuWO4 electrode conditions for A, B, C and D after undergoing LSV. B)
A top-down SEM micrograph of the CuWO4 film condition D after LSV. Raman spectra of the CuWO4

film condition C) C and D) D before and after undergoing LSV.

Despite the films in conditions C and D exhibiting lower photocurrent and poorer stability

under operating conditions compared to the films in conditions A and B, the UV-Vis absorption of

the films in these two conditions in the sub-bandgap region is higher than that of conditions A

and B. Based on the UV-Vis absorption, the condition C and D films have the potential to harvest

more solar energy than the condition A and B films, assuming the absorption in the sub-band gap

region results in the photocurrent. Therefore, the films of all conditions were subjected to incident

photon-to-current efficiency (IPCE) measurements.

The IPCE measurements show that photons with a wavelength longer than approximately

500 nm do not contribute to the current generation at both 1.23 and 1.75 V vs. RHE in any of

the conditions (Figure D.4). The increased absorption in the sub-band gap region (especially in

conditions C and D) may come from the absorption of Cu(0) particles which do not result in the

current generation. Upon a closer examination of the IPCE measurement, more insights can be

drawn. The IPCE as a function of wavelength at 1.23 and 1.75 V vs. RHE of each condition

are plotted in Figure 5.10. The IPCE behavior can be divided into two groups, conditions A

and B and conditions C and D. In the former group, the onset of the IPCE at the two applied
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potentials are different. At 1.23 V vs. RHE, the onset of IPCE starts at around 450 nm. The

onset shifts to approximately 500 nm at 1.75 V vs. RHE. The difference in the onset of the IPCE

can be confirmed by normalizing the IPCE. Indeed, the normalized IPCE (Figure D.5) confirms

the difference in the onset of IPCE between the two applied potentials. The difference in the

IPCE comes from the difference in the penetration depth of photons at a given wavelength. Lower

wavelength photons can penetrate less into the bulk and tend to be absorbed closer to the surface.

Hence, the photogenerated holes from the lower wavelength are generated near the surface. The

longer wavelength, on the other hand, can penetrate deeper and generate photogenerated holes

deep into the bulk of the material. There are two mechanisms that drive the transport of the free

charge carrier to the surface of the photoelectrode; drift and diffusion. The diffusion of free charge

carriers is simply the movement of charges through a concentration gradient. The average length

that the photogenerated holes can travel before recombining (hole diffusion length) depends on

many parameters. Material choice is one of the key parameters. For drifting, the movement of

charges is governed by an electric field. For the photoanode under operating conditions, the band

bending generates the built-in electric field which drives the drift of charges near the surface. The

size of the band bending (the depletion width) is a function of an applied potential. The higher the

applied potential, the larger the depletion width. In the material with low hole diffusion length, the

photogenerated holes from the bulk tend to recombine before reaching the surface. The holes that

participate in the current generation are mainly generated near the surface and are driven to the

surface via the built-in electric field. The depletion width at 1.75 V vs. RHE is larger than that

of 1.23 V vs. RHE. Therefore, the built-in electric field can drive the holes generated deeper in

the bulk, which is generated by the longer wavelength photons, to the surface. This results in the

onset of the IPCE at 1.75 V vs. RHE being at a longer wavelength compared to that of 1.23 V vs.

RHE. This behavior of different onset for the IPCE at the different applied potentials has been

documented in hematite which is known to have low hole diffusion lengths.26

The IPCE behavior of the films for conditions C and D shows no difference in the onset of IPCE

at the difference applied potential. The onset of IPCE in both cases starts at around 450 nm. As

discussed earlier, the films in conditions C and D have low photostability. The reduced copper

atoms tend to be oxidized and dissolve away during the operation, leaving behind WO3. Indeed,

we believe that the film in conditions C and D dissolved during the IPCE measurement and form

WO3. Since WO3 has been shown to have a large hole diffusion lengths (around 150 nm),27 the

holes generated in the bulk can diffuse to the surface before the recombination. This results in a

much more subtle difference in the IPCE onset at the different applied potential. The onset of
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IPCE of these conditions at around 450 nm is also very close to the reported band gap of WO3 at

2.7-2.8 eV.6,7

A) B)

C) D)

Figure 5.10: Average IPCE at 1.23 and 1.75 V vs. RHE of CuWO4 condition A) A, B) B, C) C and D)
D. The value shown here is the average value from three samples per condition. The solid line represents
the average value. The shaded area represents the standard deviation of the measurement.

To deepen the understanding of the effect of OV on the photocurrent, we sought to determine

ηsep and ηinj for each condition. Both ηsep and ηinj can be calculated using the photocurrent in

water (with an adequate concentration of supporting electrolyte for a conductivity) and in sacrificial

conditions (here, a solution of Na2SO3 will be used as a sacrificial agent). Under the sacrificial

conditions, ηinj is assumed to be 1. With this assumption, the Equation 5.1 can be modified into

the two following equations:

ηsep =
JPEC,Na2SO3

JAbs
(5.2)

ηinj =
JPEC,Water

JNa2SO3

(5.3)

Here, JPEC,Na2SO3 and JPEC,Water are the photocurrent in Na2SO3 solution and in water

respectively. JAbs is the theoretical maximum photocurrent. At 2.5 eV, JAbs is shown to be 6.5

mA.cm−2.13 Since the films in conditions C and D are readily converted to WO3 readily during
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photoelectrochemical operations, the investigation into ηsep and ηinj will only be performed and

discussed for the conditions of the films A and B. The chopped-light illumination linear sweep

voltammogram of the condition of films A and B under sacrificial conditions is shown in Figure

5.11A. Due to the large dark current from the FTO substrate, the determination of ηsep and ηinj

at 1.75 V vs. RHE cannot be accurately determined using this approach. In order to illustrate the

effect of applied potential on both efficiencies, ηsep and ηinj at 0.8, 0.9, and 1.0 V vs. RHE are

also determined. The ηsep and ηinj increases with an increase in applied potential in both cases

(Figure 5.11B and Figure 5.11C, respectively). The ηsep of the condition B film is higher than that

of the condition A film at all four potentials. The reverse is true for the ηinj where condition A

film exhibits higher values at all four potentials.

The higher ηsep in the condition B film is likely due to the improved bulk conductivity since

the increase in the number of OVs has been linked to the increase in bulk conductivity in the

literature.17–20 As for the inferior ηinj , Guo and co-workers have reported that an OV causes the

formation of surface states which cause recombination that led to a decrease in photocurrent in

CuWO4.
16 We suspect that this also applies to our system. Since the photocurrent of the condition

A film is higher than that of condition B at 1.23 V vs. RHE (Figure 5.8B), while the trend is

reversed at the higher applied potential of 1.75 V vs. RHE (Figure 5.8A), we suspect that the

multiplication product of the two parameters (ηsep × ηinj) of the condition B is higher than that

of condition A at the higher applied potential. To confirm this hypothesis, ηsep and ηinj at the

higher applied potentials needs to be determined. Intensity-modulated photocurrent spectroscopy

(IMPS) can probe these two values at higher potentials as this technique does not require the use

of a sacrificial conditions. Furthermore, photoelectrochemical impedance spectroscopy (PEIS) can

provide information on the density of surface states which may be the result in the inferior ηinj

in the condition B film. Since this technique can only be applied to a photoelectrode with flat

morphology. A set of new films with minimal nanostructuring are needed for this technique. These

two techniques will be applied in the future to complete our understanding of the role of OVs in

the photocurrent of CuWO4.
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A) B) C)

Figure 5.11: A) Chopped-light linear sweep voltammograms of CuWO4 condition A and B and linear
sweep voltammogram (in the dark) of an FTO substrate in a sacrificial conditions (1.5 Na2SO3 pH 7).
Average B) charge separation efficiency (ηsep) and C) charge injection efficiency (ηinj) of CuWO4 condition
A and B at 0.8, 0.9, 1.0 and 1.23 V vs. RHE. The average value comes from three samples.

5.3 Conclusions

In this chapter, the effect of the number of OVs on the physical and photoelectrochemical

properties of CuWO4 was investigated. The CuWO4 films were fabricated using sol-gel synthesis.

Different numbers of OVs were introduced by subjecting the films to the secondary annealing under

H2/Ar gas mixture for a different duration. The films with a higher number of OVs became darker

in color. The absorption in the sub-band gap region (λ > 496 nm) increased with an increasing

number of OVs, but the band gap of the produced films was not affected by the number of OVs and

remained constant at 2.5 eV. Films with a higher number of OVs showed a reduction to Cu where

Cu(II) atoms were reduced to either Cu(I) or Cu(0), but the oxidation state of W remains constant

at +6. The film morphology was not affected by the number of OVs, but crystalline Cu particles

with the size ranging from 200-700 nm were formed in the films with a high number of OVs white

the percentage of Cu(I)/Cu(0) to the total copper exceeding 50%. The chemical identity of the

films as probed by Raman spectroscopy was not affected by the number of OVs, but a reduction in

crystallinity was observed with an increasing number of OVs. A moderate number of OVs helped

improve the photocurrent at the higher applied potential (1.75 V vs. RHE), but the films with

too many OVs had a detrimental effect on the photocurrent. The film with a moderate number of

OVs showed improved ηsep which could be the result of improved electron conductivity in the bulk.

The high number of OVs inflicted detrimental effects on both the photocurrent and the stability.

In such films, the reduced copper was easily re-oxidized and leached away from the film, leaving

behind WO3. This work highlights the balance between the benefits and the drawbacks of an OV

to CuWO4 photoanode which can provide insight for designing more efficient materials for solar

energy conversion.
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Chapter 6

Conclusions and Outlook

6.1 Biomass valorization using WO3 photoanode

In chapter 2-4, we demonstrated the capability of WO3 photoanode to perform an alternative

oxidation reaction to the OER and proposed a facile technique to predict the selectivity of the

competing reaction in photoelectrochemical cells using only the information from linear sweep

voltammogram. In chapter 2, we demonstrated the direct oxidation of HMF to DFF and subsequently,

FDCA using a WO3 photoanode. The transformation can be achieved directly without any need

for a catalyst or a redox mediator. The transformation results in the maximum yield of DFF and

FDCA of 4% and 0.5% respectively. A kinetics model was used to understand the cause of the

observed low yield. The model suggested the presence of competing degradation reactions in each

step of the transformation which resulted in a low final FDCA yield. To deepen the understanding

and to control the selectivity of multiple competing reactions in photoelectrochemical cells, we

developed a ∂J/∂E analysis, a facile technique capable of predicting the selectivity of the competing

reactions using the information readily obtained from LSV. In chapter 3, we employed this analysis

and demonstrated the dependency of the applied potential to the selectivity of HMF oxidation over

the OER on WO3 as predicted by the ∂J/∂E analysis. We believe that this analysis can be applied

to other systems employing photoelectrochemical cells to perform alternative oxidation or reduction

reactions. In chapter 4, we discussed the decoration of electrocatalyst onto the surface of WO3 to

improve the FDCA yield. The introduction of MnOx, a proven-effective electrocatalyst for HMF

oxidation, onto the WO3 surface led to a reduction in the photocurrent without improving the

FDCA yield. We believe that MnOx acts as a recombination center and hence is not compatible

with WO3. We showed that TEMPO, a redox mediator used in HMF oxidation, can also be easily
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anchored onto the electrode surface via a non-covalent modification with the help of Nafion®.

Nevertheless, the TEMPO/Nafion® modified Nafion suffers low stability from TEMPO leaching.

Another promising organic electrocatalyst for alcohol and aldehyde oxidation, NHPI, was also

tested for the catalytic activity for HMF oxidation. However, we found that this molecule shows no

catalytic activity toward the oxidation of HMF.

The works demonstrated in these chapters have laid down the road for the possibility of turning

a weak point of WO3 in having poor selectivity for the OER into an advantage point in performing

alternative oxidation reactions, in particular HMF oxidation. Moving forward, it is clear that the

use of an electrocatalyst is required to improve the FDCA yield. The ideal electrocatalyst for this

task not only has to process good catalytic activity toward HMF oxidation but also must be stable

under acidic conditions and not act as a recombination center when decorated onto the surface of

WO3. A deeper understanding of the mechanism of HMF oxidation at the surface of WO3 may

shed some light on why the degradation reaction is preferred over the oxidation to FDCA. A study

employing operando techniques such as surface-enhanced Raman spectroscopy may provide some

insight into the interaction between the HMF molecule and the surface of WO3. A theoretical

study employing DFT calculation can reveal possible pathways which lead to FDCA and to the

degradation reactions. Understanding these pathways could guide us to the strategy to promote

oxidation to FDCA and reduce the undesired degradation reactions. In addition to this, many of

the products from the HMF oxidation (discussed in chapter 2) remains unidentifiable. One of these

products might be a useful compound. Further characterization may help identify these products.

6.2 Effects of oxygen vacancies to the photoelectrochemical

properties of copper tungstate photoanode

At the end of this thesis, we expanded our study from WO3 to CuWO4, a metal tungstate-based

ternary oxide that retains multiple advantages of WO3, such as the acid stability, but with a

lower band gap. In chapter 5, the effect of oxygen vacancies on the photocurrent of CuWO4 was

investigated. A set of four CuWO4 electrodes with different numbers of OV were fabricated. We

demonstrated that the increase in the number of OVs can improve the photocurrent of the CuWO4

electrode by improving ηsep. However, an excessive number of OV post detrimental effects on the

photocurrent. We found that if more than 50% of Cu is reduced, the reduced Cu will agglomerate to

form Cu(0) at the surface of the electrode with a size ranging from 200-700 nm. The over-reduced

CuWO4 has poor stability during the photoelectrochemical measurement due to the dissolution of
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Cu which leaves behind WO3. Our finding shed the light on the upper limit of the use of OV as a

dopant to improve the photocurrent in CuWO4 photoanodes.

Moving forward, ηinj and ηsep are crucial to understanding the effect of OV on the photocurrent.

As discussed earlier, the determination of these two values under sacrificial conditions is limited at

the low applied potential region due to the large dark current from the FTO substrate. Another

technique to determine these two values is IMPS. Since this technique can be performed directly in

a non-sacrificial condition, it has the potential to determine ηinj and ηsep at the higher applied

bias (especially at 1.75 V vs. RHE). This added information will complete our understanding of

the effect of OV on the charge separation in the bulk and charge injection at the surface. Another

technique that can give more insight into our system is EIS. This technique can help probe the

doping concentration, which affects the electron conductivity in the bulk. The difference in bulk

conductivity can further explain the reason for the improved ηsep of the film in condition B. Lastly,

the information on the free charge carrier lifetime and the hole diffusion length can complement

our understanding of how OV affects ηinj and ηsep. Transient absorption spectroscopy (TAS) can

help probe these values. Since OV is a common dopant in many metal oxide materials, we believe

that this study can provide a foundation to the study on the effects of OV in other materials.
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to Chapter 2

A.1 Experimental details

A.1.1 Synthesis of WO3 electrodes on FTO coated glass

WO3 electrodes were synthesized using a previously reported sol-gel deposition method.1,2 To

prepare the electrodes, 10 mmol (3.29 g) of sodium tungstate dihydrate was dissolved in 20 mL

deionized water and run through a Dowex ion exchange column that had been acidified previously

with 6 M HCl and rinsed back to pH 7 with Milli-Q water. A yellow solution was eluted into in a

round-bottom flask containing 20 mL absolute ethanol while stirring. The resulting transparent

yellow solution (tungstic acid) was concentrated on a rotary evaporator until the final volume was

approximately 20 mL, at which time 6.6 g PEG-300 (TCI, lot. UP2XKAA, d 1.13) was added as a

stabilizer. At this point, the solution was significantly more viscous and had a cloudy yellowish

colour. The suspension was kept stirring constantly at 1200 rpm on a stir plate and used for up

to 3 days. Over time the solution’s colour turned dark green. However, this colour change did

not appear to affect the consistency or quality of the resulting electrodes. WO3 electrodes were

synthesized by dropping 190 µL of the suspension onto clean 2.5 × 2.5 cm2 FTO glass substrate

(Solaronix) and spinning at 2500 rpm using a Laurel spin coater (Model WS-650MZ-23NPPB) for

30 seconds, followed by annealing the electrodes in a muffle furnace preheated to 500 °C for 30

minutes in air. A small section at the bottom of the electrode was masked with electrical tape

to allow for an electrical contact. The spinning and annealing process was repeated ten times to
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obtain electrodes of sufficient thickness (ca. 2 µm).

A.1.2 Synthesis of BiVO4 electrodes on FTO glass

BiVO4 electrodes were prepared using our previously reported spin coating technique.3 Thin

films of BiVO4 were prepared by annealing a spin-coated solution of EDTA–metal complexes. To

prepare the precursor solution, EDTA (36.53 g, 2 eq.) was added to 18.2 MΩ resistance water

(100 mL, Millipore). A small amount of NH4OH (12.5 mL) was added to partially deprotonate the

EDTA, and ensure its dissolution. After the EDTA had dissolved, Bi(NO3)3·5H2O (30.316 g, 1 eq.)

was added. Upon contact with the solution, the solid formed a white cake, which slowly dissolved

over time. Once the solid had completely dissolved, VO(AcAc) (16.57 g, 1 eq.) was added. To aid

the dissolution of the blue powder, additional water was added, and the solution was heated to

60 °C and left to stir for 1 h. After the solid had completely dissolved, the solution was left to

cool. Once at room temperature, the pH was measured and adjusted to 5, if necessary, by using

dilute HNO3 or NH4OH. The final volume was adjusted to 250 mL by adding more water. The

final concentrations of Bi, V, and EDTA were 0.25 m, 0.25 m, and 0.5 m, respectively. BiVO4 thin

films were synthesized by spin coating the previously precursor solution. The spin coating was

accomplished using a Laurell model WS-650MZ-23NPPB spin coater. For this, the substrate was

first spun at 4500 RPMs, then 0.75 mL of the solution was dispensed on top. The electrode was

kept spinning for 45 s after the solution was dispensed. Following the spin coating, the electrodes

were calcined at 400 °C in an air atmosphere to burn off all the organic material. After repeating

the spin-coating/calcining cycles enough times to obtain electrodes of the desired thickness, the

electrodes were annealed at 550 °C for 1 h.

A.1.3 Synthesis of Fe2O3

Hematite thin films were prepared using a previously reported hydrothermal/annealing tech-

nique.4 Fluorine doped tin oxide (FTO)coated glass substrates (Solaronix TCO10-10, 8 Ω/sq.) were

vertically positioned in a sealed glass bottle containing 1 M sodium nitrate (NaNO3, 99+ %, Acros)

and 0.15 M iron chloride hexahydrate (FeCl3·6H2O, 99+ %, Acros) aqueous solution. The glass

bottle was placed in an oven (Memmert UF 30 plus) for 3 h at 100°C. During the heating process,

β-FeOOH nanorods formed on the FTO surface. After the heating the β-FeOOHfilms were rinsed

with high purity water (18.2 MΩ cm, Synergy), and finally they were annealed in a preheated tube

furnace (MTI OTF-1200X-S) at 800 °C for 15 min to convert the β-FeOOH to Fe2O3.

92



APPENDIX A. SUPPORTING INFORMATION
TO CHAPTER 2

A.1.4 Preparation of Electrolyte solutions

0.1 M NaPi solutions were prepared by weighing 9.8 g of H3PO4 in a 2 L beaker. The acid was

then diluted to a volume of 1,000 mL by slowly adding Millipore water (18 MΩ cm). The solution

pH was then adjusted to 4 using a pH meter and adding in a concentrated solution of NaOH.

A.1.5 Standard Electrochemical Measurements

All electrochemical measurements were collected using a BioLogic SP-200 potentiostat in a

three-electrode configuration. Unless noted otherwise, the working, counter, and reference electrodes

were WO3, a Pt wire, and Ag/AgCl in saturated KCl. A buffered aqueous solution of 0.1 M NaPi

at pH 4 was used as the electrolyte. All LSV experiments were performed at a scan rate of 20

mV/s. Unless noted otherwise, the illumination intensity was equivalent to 1 sun. The illumination

direction for all experiments was from the back (glass) side.

A.1.6 Extended-duration photo-oxidation experiments

Bulk-electrolysis experiments were performed in a custom-built two-sided cell (3D printed from

Polyethylene terephthalate). The cell was composed of two compartments, which were separated by

a Nafion membrane (N-115 membrane, 0.125 mm thick). The membrane was required to prevent

the diffusion of oxidised products to the counter electrode, where they could be reduced. The

WO3 photoelectrode, and Ag/AgCl reference electrode were contained in the working electrode

compartment. The Pt wire was kept in the counter electrode compartment. The electrolyte solution

used was 100 mL of 5 mM HMF in 0.1 M NaPi buffer, for the working electrode compartment, and

0.1 M NaPi buffer for the counter electrode compartment (also 100 mL). To eliminate potential

diffusion limitations, the solution was kept stirring throughout the experiment using a magnetic

stir bar. For the bulk electrolysis experiment, the current produced by the WO3 photoelectrode

was measured over 64 hours at an applied potential of 0.683 V vs. RHE. The illumination intensity

used was equivalent to 3 suns, and the electrodes were illuminated from the back (glass) side. The

active area of the WO3 photoelectrode was ca. 2.5 cm2. Three runs of 64 h were completed and

the data averaged.

A.1.7 Oxidation products quantification

Product quantification during the bulk electrolysis experiment was performed using an HPLC

coupled to a UV-Vis spectrometer (Shimadzu Prominence LC-20AP HPLC, equipped with dual
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UV-Vis detector set at 255 and 285 nm). 600 µL aliquots were taken before, during and after the

photo-oxidation experiment. Sulfuric acid (5 mM) was used as the mobile phase in the isocratic

mode. An equilibration time of 30 minutes was required before the first injection. The flow

rate was 0.5 mL min−1 at 40 °C . The samples were injected through polytetrafluoroethylene

hydrophilic filter (0.22 µM pore size) into a Coregel 87H3 7.8 × 300 mm column (part number

CON-ICE-99-9861) that was purchased from BGB Analytik AG in Switzerland. The product

identification and quantification were determined from calibration curves from the known standards.

The retention times for HMF, DFF, HMFCA, FFCA and FDCA were 42.2, 53.2, 27.7, 29.6 and

21.1 minutes respectively.

A.1.8 Microscopy, XRD and Raman Spectroscopy

SEM data was collected using a Zeiss Gemini 300 scanning electron microscope in HV mode.

XRD data was collected using a Panalytical Empyrean system (Theta-Theta, 240 mm) equipped

with a PIXcel-1D detector, Bragg-Brentano beam optics (including hybrid monochromator) and

parallel beam optics. Raman spectra were obtained with a LabRam spectrometer (Jobin Yvon

Horiba). The excitation line was provided by an Ar laser (532.19 nm).

A.1.9 Materials

The following chemicals were used as received without further purification. HMF (99%), DFF

(97%), and ammonium meta tungstate were purchased from Sigma-Aldrich. NaWO4 (99%) and

Dowex™ 50WX2, 100-200 mesh were purchased from Acros Organics. HMFCA was obtained from

Apollo Scientific. Nafion™ membrane was obtained from Alfa Aesar. FFCA (95%) was purchased

from ABCR. FDCA (97%) was purchased from fluorochem.
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A.2 Characterization of WO3

A)

B)

Figure A.1: SEM images of WO3 on FTO in A) top view and B) cross-section view illustrating the film
thickness of 1.875 µm
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Figure A.2: XRD spectrum of WO3 film (black trace) with the reference spectrum (red line)
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Figure A.3: Raman spectrum of WO3 film

A.3 Chemical kinetics model and rate constant fit

The kinetic modelling and fitting were performed using a custom Python script. The source

code is hosted on Github: https://github.com/flboudoire/chemical-kinetics and its documentation

can be found here: https://chemical-kinetics.readthedocs.io/en/latest. Firstly, it was necessary to
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make a few approximations. We suppose that all the reactions presented are pseudo first order.

Davis and co-workers have demonstrated that this is a reasonable assumption.2 In their work, they

studied the mechanism of HMF oxidation and demonstrated that it proceeds through oxidations at

the alcohol and aldehyde moieties, which are first order reactions. Additionally, we assumed that

the reductive reverse reactions are negligible since we are operating at a high forward bias. Due to

the presence of a significant electric field at the electrode surface, the WO3 surface will be depleted

of electrons, and thus little to no reductive currents due to the reverse reaction will be possible

under these conditions. According to the law of mass action the rates of concentration change for

the reaction of a species A at the photoelectrode surface with two holes at the WO3 / electrolyte

interface to give a product B can be written, in general, as follows:

d[A]surf
dt

= −k[h]2[A]surf (A.1)

d[B]surf
dt

= k[h]2[A]surf (A.2)

Where [A]surf and [B]surf are the concentrations of A and B in the electrolyte at the surface of

WO3, [h] is the concentration (activity) of holes available at the surface, and k is the (true) reaction

rate constant. To simplify these equations, we consider that the reactions are under kinetic control

and the hole concentration at the surface is in excess and therefore can be considered constant. This

is justified by the fact that we operate at a potential where the photocurrent for HMF oxidation is

close to saturation (see Figure A.6). We also measured a significant drop in photocurrent if the

solution was not stirred (see Figure A.7), further proving that the reactions not limited by [h] but

rather the concentration of the molecular reactant at the surface.

We also consider that the species concentrations measured in the bulk of the solution change in

the same proportion as the species concentration at the surface of the electrode. This hypothesis

is supported by their similar molecular size, hence reasonably similar and constant mass transfer

coefficients, km. Considering these hypotheses, equations A.1 and A.2 can be rewritten with k’ ≈

k[h]2, and [A]surf ≈ (km/(1+km)) [A]solution as follows:

d[A]solution
dt

= −k′[A]solution (A.3)

d[B]solution
dt

= k′[A]solution (A.4)
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In this case, considering the reactions proposed in Figure 2.2c, the system of differential equations

that model the concentrations measured in solution (Figure 2.2B) are written as follows:

d[HMF ]

dt
= −(k11 + k12 + kB1)[HMF ] (A.5)

d[DFF ]

dt
= k11[HMF ]− (k21 + kB21)[DFF ] (A.6)

d[HMFCA]

dt
= k12[HMF ]− (k22 + kB22)[HMFCA] (A.7)

[FFCA]

dt
= k21[DFF ] + k22[HMFCA]− (k3 + kB3)[FFCA] (A.8)

[FDCA]

dt
= k3[FFCA]− kB4[FDCA] (A.9)

d[B]

dt
= kB1[HMF ] + kB21[DFF ] + kB22[HMFCA] + kB3[FFCA] + kB4[FDCA]− kb[B] (A.10)

d[B∗]

dt
= kb[B] (A.11)

With this model, we can extract quantitative reaction rate constants for all the intermediate

reactions leading to the formation of FDCA. We can also characterize the speculated formation

of oxidized by-products (B) and their further oxidation to B∗. We also simultaneously model

the amount of charge passed during the course of the reaction (Figure 2.2A). This current data

represents a sum of contributions from all species formed during the photoelectrochemical oxidation

of HMF. The following equation is used to model the evolution of passed charge over time:

Q = qNAV
∑
i

niCi (A.12)

With Q being the total amount of charge passed, q the electron charge (1.6 × 10−19 C), NA

Avogadro’s number (6.02 × 1023), V the volume of solution (100 mL in our case), ni the amount of

charge passed to make one molecule of species i, and Ci is the concentration of species i. Numerically

solving the set of differential equations (Equations A.5 - A.12) and using a least-square fit algorithm
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with the experimental data, the numerical solution, and Equation A.12 we can extract a set of

eleven rate constants that fit the behaviour observed in Figure 2.2A and Figure 2.2B. The main

discrepancy is in the predicted DFF concentration over time for our model, which underestimates

the experimental value. This suggests that our model slightly underestimates the value of k11.

A.4 Supplementary figures and tables

Figure A.4: Concentration of HMF, DFF, FFCA, HMFCA, and FDCA over time. For this experiment a
5 mM solution of HMF in 0.1 M pH 4 NaPi was irradiated with simulated 3 Suns.
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Concentration [µM]

Compound 0 h 17 h 40 h 64 h

HMF 4992 4861 4649 4382

DFF 3 6 6 8

HMFCA 0 1 0 2

FFCA 0 1 0 1

FDCA 0 0 0 0

Table A.1: Concentration of HMF, DFF, FFCA, HMFCA, and FDCA over time of the control experiment
(Figure A.4)
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A)

B)

Figure A.5: SEM images of a WO3 electrode (A) before, and (B) after a 16 hrs bulk electrolysis experiment.
This time frame was selected since it was after the largest observed photocurrent decrease. The bulk
electrolysis experiment was performed at 0.683 V vs. RHE under simulated 3 suns illumination in a pH 4
0.1 M NaPi solution which contained 5 mM HMF.
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Figure A.6: Difference between the LSV with and without HMF under 3 suns in pH 4 NaPi solution. The
vertical line depicts the photocurrent density at the applied bias used in the bulk electrolysis experiments.

Stop stirring

Figure A.7: Chronoamperometry of HMF oxidation on WO3 under simulated 3 suns in pH 4 NaPi

solution showing the impact of stirring the solution on the photocurrent.
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Figure A.8: LSVs of WO3 electrodes under simulated 1 sun illumination in solutions containing 5 mM
HMF, 5 mM DFF, 5 mM BHMF, and a blank control solution. All solutions were prepared using 0.1 M
NaPi buffered to pH 4.

Figure A.9: LSVs of WO3 electrodes under simulated 1 sun illumination in solutions containing 5 mM
HMF, 5 mM FDCA, and a blank control solution. All solutions were prepared using 0.1 M NaPi buffered
to pH 4.
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B.1 Experimental details

The detail for the fabrication, characterization of the WO3 electrode, the standard electrochemical

measurement and the product quantification procedure were discussed in the experimental section

in Chapter 2.

B.2 Mathematical foundation of the fit ∂J/∂E

The mathematical expression used to create our fitting functions are modified from the published

work by Z. Wang et al.1 and R. Memming et al.2.

Consider Gericher’s model for electron transfer in semiconductor2

Rate of electron transfer =

∫
κ.f(E).DOS(E).Dred(E)dE (B.1)

where:

κ = electron transfer coefficient

f(E) = Fermi-Dirac distribution function

Dred(E) = Density of state of the reduced species in the solution.

E = Applied potential
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In our condition, the following assumptions can be assumed:

1. f(E) can be assumed to be constant as we constantly move the Ef,p by sweeping the applied

potential

2. Dred(E) can be assumed to be constant. Dred(E) in our experiment is the concentration of

HMF at the surface of the electrode. We demonstrate in Figure B.2 that our system is not

mass transport limited. Hence, we can assumed that the concentration of HMF at the surface

is in excess in comparison to the available holes at the surface. Hence, Dred(E) ≫ DOS(E),

and Dred(E) can be assumed to be constant.

3. The rate of electron transfer = photocurrent (J)

Applying the three assumptions to Equation B.1 gives:

J = κ.f.Dred

∫
DOS(E)dE

Differentiate both sides of the equation with respective to E gives:

∂J

∂E
= κ.f.Dred ×DOS(E)

As κ, f and Dred are all constant, we combine them into one constant, ka.

∂J

∂E
= ka.DOS(E) (B.2)

We assume DOS(E) to have Gaussian distribution. Nevertheless, the simulated photocurrent

obtained by integrating Equation B.2 does not represent the observed experimental photocurrent

well in the saturated photocurrent region. The simulated photocurrent gives a constant value in the

saturated photocurrent region. In the experimental photocurrent, the saturated photocurrent does

not have a constant value but gradually increasing. We suspected that the built-in electric field

from the band bending forces more holes to come to the surface, hence increasing the photocurrent.

To improve our fitting, we add the second term to account for increasing hole flux due to the

built-in electric field (drifting effect) from the band bending:

∂J

∂E
= ka.DOS(E) + kb(E − Efb)

−1/2

∫
DOS(E)dE (B.3)

where:

kb = Drifting constant
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(E − Efb)
−1/2 = Magnitude of the space charge region. Efb is the flat band potential. The

value of Efb = 0.45 V vs. RHE is used in all of our fitting∫
DOS(E)dE = Number of the available states that the new arriving holes can participate in.

As mentioned earlier, we assume DOS(E) to have Gaussian distribution. The expression can be

written as:

DOS(E) =
a

σ
√

(2π)
exp(− (E − µ)2

2σ2
) (B.4)

where:

a = Magnitude of the peak

σ = Width of the peak

µ = Position of the peak

Our fitting function is obtained by substituting Equation B.4 into Equation B.3. The constant

ka in Equation B.2 is combined with a in Equation B.4 to give the magnitude parameter, A.

Our fitting function is described in Equation B.5

∂J

∂E
=

A

σ
√
(2π)

exp(− (E − µ)2

2σ2
) + kb(E − Efb)

−1/2

∫
A

σ
√

(2π)
exp(− (E − µ)2

2σ2
)dE (B.5)
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Solution

Parameter
NaPi HMF/NaPi

A1 n/a 0.323

σ1 n/a 0.100

µ1 n/a 0.661

A2 1.080 1.040

σ2 0.163 0.188

µ2 0.939 0.938

kb 0.240 0.240

Table B.1: Fitted parameters from the fit ∂J/∂E of NaPi and HMF/NaPi solution
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B.3 Supplementary Figures and Tables

B.3.1 Fitted parameters

B.3.2 Fitting ∂J/∂E of HMF/NaPi with only one fitting curve

A)

B)

Figure B.1: A) ∂J/∂E analysis and B) Simulated photocurrent of HMF/NaPi solution with only 1 fitting
curve
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100%
50%

25%

10%

Figure B.2: HMF consumption as the function of passed charge at 0.65 V and 1.20 V vs. RHE and at
the initial HMF concentration of 5 mM and 100 mM. The dotted line represent the Faradaic efficiency of
10%, 25%, 50% and 100% as calculated from two-electron oxidation of HMF

B.3.3 EIS fitting

Figure B.3: Bode plot (left) and Nyquist plot (right) in NaPi electrolyte.
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Figure B.4: Bode plot (left) and Nyquist plot (right) in HMF/NaPi solution
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Figure B.5: The fitted value (CB , CSS , RCTSS and RSS) in NaPi and HMF/NaPi solution. The RB

value was kept constant at 0.79 kΩ.cm−2 for both solutions.
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B.3.4 The fitted ∂J/∂E and the DOS(E) as probed from EIS

A)

B)

Figure B.6: Overlaid graph of the experimental derivative voltammogram, the fit ∂J/∂E and the DOS(E)
as found from EIS in A) NaPi electrolyte and B) 5 mM HMF in NaPi solution
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C.1 Calculation for HMF consumption from photoelectroly-

sis of HMF using TemBen/Nafion® modified electrode

There are many possible oxidation route to HMF oxidation which requires different amount of

electron per mole of HMF. For the sake of the simplicity for the calculation, we will assume that

HMF undergoes 2 electrons oxidation to DFF or HMFCA.

Different in HMF concentration = 50× 10−3 C × 1mol e−

96485 C
× 1mol HMF

2mol e−
× 1

0.050 L
= 5.2 µM

C.2 Experimental details

C.2.1 Electrode fabrication

Fabrication of MnOx/WO3 photoelectrode

The MnOx/WO3 photoelectrode was prepared by photoelectrodeopistion of MnOx onto the

WO3 photoelectrode in a custom-made photoelectrolysis cell with a quartz window containing 50

mM MnSO4 with 0.1 M H2SO4 (pH=1) as a supporting electrolyte. The photoelectrodeposition

was performed by applying a constant potential of 0.9 V vs. RHE under chopped illumination of 1

sun (2 seconds on and 1 second off). A three-electrode configuration was adopted. The working

electrode, reference electrode and counter electrode were WO3 photoanode, Ag/AgCl reference

electrode and Pt wire respectively. The photoelectrodeposition was performed until a total charge

of 5.0 mC/cm2 was passed.

The successful deposition of MnOx films onto WO3 electrode was confirmed by Raman spec-

troscopy (Figure C.1). The Raman spectra of the MnOx/WO3film is very similar to that of MnOx

with no characteristic peak of WO3.
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Figure C.1: Raman spectra of MnOx, WO3 and MnOx/WO3 films on FTO

Fabrication of TEMPO/Nafion® modified electrode

The TEMPO/Nafion® modified electrodes were prepared from a precursor solution containing

25 or 500 mg of TEMPO in 1 mL of a commercial 5 wt % Nafion® in the mixture of lower aliphatic

alcohols and water (Sigma-Aldrich). The precursor solution was used in various fabrication methods

(describe below) to prepare TEMPO/Nafion® modified electrode. The substrate used in the film

fabrication was 2.5 × 2.5 cm2 FTO coated glass. Kapton tape was used to mark the electrical

contact area during the film fabrication process. After the fabrication, the fabricated electrode was

rinsed with miliQ water to remove any excess TEMPO from the film.

Drop casting: The TEMPO in Nafion® precursor solution (200 µL) were dropped onto a

FTO substrate and allowed dry naturally at room temperature.

Doctor blading: The TEMPO in Nafion® precursor solution was rolled onto a FTO substrate

and allowed dry naturally at room temperature.
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Spray coating: A FTO substrate was first heated on a hot plate at 80 °C for 2 minutes.

Then, the TEMPO in Nafion® precursor solution (5 mL) was sprayed slowly onto the heated FTO

substrate. Only the 25 mg/mL TEMPO in Nafion® precursor solution was used.

Spin coating: The TEMPO in Nafion® precursor solution (200 µL) was dropped onto a FTO

substrate and spun at 2000 rpm for 30 seconds.

Fabrication of TemBen/Nafion® modified electrode

The TemBen/Nafion® precursor solution was made by dissolving TemBen (50 mg, Fluorochem)

into 1 mL of a commercial 5 wt % Nafion® in the mixture of lower aliphatic alcohols and water. The

TemBen/Nafion® precursor solution (100 µL) was then dropped onto a spinning FTO substrate

(500 rpm). The FTO substrate is 2.5 × 2.5 cm2 in dimension and the electrical contact area

was marked by Kapton tape. To remove the excess liquid, the substrate was spun at the desired

spin speed for 45 seconds to give a film with different thickness. The desired spin speed are 500,

1000, 2000 and 3000 rpm. The fabricated films were rinsed with miliQ water to remove any excess

TemBen from the film.

C.2.2 Standard electrochemical measurements

All electrochemical measurements were collected using a BioLogic SP-200 potentiostat in a

three-electrode configuration. Unless noted otherwise, the counter, and reference electrodes were a

graphite rod, and Ag/AgCl in saturated KCl respectively. The measurements were performed in a

custom-made cappuccino cell. All CVs and LSVs experiments were performed at a scan rate of 20

mV/s. All the measurements for the TEMPO/Nafion® and TemBen/Nafion® modified electrodes

were performed in 0.1 M sodium borate electrolyte at pH 9. All the measurements for NHPI and

NHPI/Nafion® modified electrodes were performed in 0.1 M sodium phosphates electrolyte at pH

4.

C.2.3 Standard photoelectrolysis and electrolysis

Unless otherwise noted, photoelectrolysis and photoelectrolysis were performed in a custom-made

cell with a quartz window for the illumination for the photoelectrolsysis. The electrolysis and

photoelectrolysis were performed in a three electrode configuration. The counter, and reference

electrodes were a graphite rod, and Ag/AgCl in saturated KCl respectively. The solution was

agitated by continuous stirring.
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C.3 Supplementary figures and tables

C.3.1 Cyclic voltammograms of the stability test of TEMPO/Nafion®

with various fabrication methods

Figure C.2: Cyclic voltammograms of the drop casting-25 electrode
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Figure C.3: Cyclic voltammograms of the drop casting-500 electrode

Figure C.4: Cyclic voltammograms of the spray coating-25 electrode
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Figure C.5: Cyclic voltammograms of the spray coating-500 electrode

Figure C.6: Cyclic voltammograms of the doctor blading-25 electrode
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Figure C.7: Cyclic voltammograms of the doctor blading-500 electrode

Figure C.8: Cyclic voltammograms of the spray coating electrode
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C.3.2 Cyclic voltammograms of various TEMPO/Nafion® modified elec-

trodes right after the stability test and with the fresh electrolyte
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Figure C.9: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the drop casting
-25 electrode
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Figure C.10: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the drop casting
-500 electrode
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Figure C.11: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the spin coating
-25 electrode
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Figure C.12: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the spin coating
-500 electrode
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Figure C.13: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the doctor
blading -25 electrode
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Figure C.14: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the doctor
blading -500 electrode
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Figure C.15: Cyclic voltammograms of the cycling electrolyte and the fresh electrolyte of the spray
coating electrode
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Figure C.16: Combined cyclic voltammograms of TEMPO/Nafion® modified electrodes in the fresh
electrolyte after the stability tests
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Figure C.17: Cyclic voltammograms from the extended stability test of the drop casting-500 electrode
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C.3.3 Cyclic voltammograms of the stability test of TemBen/Nafion®

modified electrode

Figure C.18: Cyclic voltammograms of the stability test of the 500 rpm electrode
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Figure C.19: Cyclic voltammograms of the stability test of the 1000 rpm electrode

Figure C.20: Cyclic voltammograms of the stability test of the 2000 rpm electrode
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Figure C.21: Cyclic voltammograms of the stability test of the 3000 rpm electrode

Figure C.22: Cyclic voltammograms of the extended stability test of the 500 rpm electrode
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Figure C.23: Chromatogram before and after the electrolysis of NHPI using FTO as a working electrode
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D.1 Experimental details

D.1.1 CuWO4 electrode fabrication (condition A)

CuWO4 electrode was synthesized by a sol-gel deposition method. The precursor solution was

prepared by dissolving 6.82 g CuCl2.2H2O and 9.85 g ammonium metatungstate (NH4)6H2W12O40

in Mili Q water. The final volume of the solution was adjusted to 25 mL before 8.25 g of polyethylene

glycol - 300 (PEG-300) was added to give a bright-green solution. The solution was filtered through

a 0.22 µm hydrophilic syringe filter to remove any non-dissolving impurity. CuWO4 electrode was

fabricated by dropping 200 µL of the precursor solution onto a clean 2.5 × 2.5 cm2 FTO glass

(Solaronix) and spinning at 2000 rpm using a Laurel spin coater (Model WS-650MZ-23NPPB) for

30 seconds. The prepared films were then annealed under a constant flow of air at 550 °C for 1

hour in a muffed furnace. We found that if the constant air was not supplied during the annealing,

the black soot layer (likely from the incomplete combustion of PEG-300 would stick to the surface

of the electrode). Hence, the requirement for a constant flow of air in the furnace. A small section

at the top of the electrode was masked with Kapton tape to allow for electrical contact.

D.1.2 Modifying number of oxygen vacancies in CuWO4 electrode

The number of OVs in the CuWO4 electrode was altered by subjecting the CuWO4 electrode

(condition A) to secondary annealing under a reductive atmosphere to increase the number of OVs.

The condition for the secondary annealing used in the fabrication of conditions B, C, and D are

shown in Table D.1. For conditions B, C, and D, the secondary annealing was performed in a

tube furnace. The electrodes were placed at the center of the furnace before a constant flow of Ar

(400 mL/minutes) flowed in the furnace. The temperature inside the furnace was kept at room

temperature for 30 minutes to ensure the complete removal of oxygen. The temperature was then

ramped up at the rate of 10 °C/minutes to 300 °C. A hydrogen flow at 60 L/minutes (the gas

mixture became 13 % hydrogen in Ar) was then introduced into the furnace and the temperature

was held constant for a specific time for each condition (see Table D.1). The hydrogen flow was

then stopped and the samples were allowed to cool down naturally in the furnace under an Ar flow

to room temperature.
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Condition

Secondary annealing condition

Atmotsphere Annealing time Temperature

B 13 % H2 in Ar 20 minutes 300 °C

C 13 % H2 in Ar 60 minutes 300 °C

D 13 % H2 in Ar 80 minutes 300 °C

Table D.1: Conditions for the secondary annealing for producing the condition B, C, and D CuWO4

electrodes.

D.1.3 Electrochemical measurements

All electrochemical measurements were collected using a BioLogic SP-200 potentiostat in a

three-electrode configuration. The counter and the reference electrode were a Pt wire, and Ag/AgCl

in saturated KCl respectively. Unless otherwise noted, a buffered aqueous solution of 0.1 M KPi

at pH 7 was used as the electrolyte. For the experiment in a sacrificial condition, the electrolyte

was 1.5 M Na2SO3 in KPi at pH 7. All LSV experiments were performed at a scan rate of 20

mV/s. Unless noted otherwise, the illumination intensity was equivalent to 1 Sun. A 450 W Xe

arc lamp was used as a light source. The illumination direction for all experiments was from the

front (sample) side. The IPCE experiments were carried out using a custom-made setup, using a

LabView script to semi-automatically execute the measurements. To ensure no convolution from a

contaminant at the surface of the electrode, all electrodes were held at the potential of 1.75 V vs.

RHE under 1 sun illumination for 2 minutes before the IPCE measurement. The light source, a

450 W Xe lamp, was connected to a monochromator (MSH-300). The wavelength range for the

experiment was 300-800 nm, with a 5 nm increment. The light intensity at each of the measurement

points was first measured using a power meter (PM 100 USB from Thorlabs). Then a sample

cell, arranged in a three-electrode configuration in a cappuccino cell, was brought to exactly at

the position of the power meter. The set constant potential (1.23 and 1.75 V vs. RHE) was then

applied. The IPCE at each measurement point was calculated using the following equation:

IPCE(%) =
1240× Jλ
λ(nm)× Pλ

(D.1)

where Jλ and Pλ are the photocurrent and power at wavelength λ.
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D.1.4 Microscopy, XRD, Raman Spectroscopy, UV-Vis spectroscopy and

XPS

SEM micrographs were collected using a Zeiss Gemini 300 scanning electron microscope in HV

mode. XRD data were collected using a Panalytical Empyrean system (Theta-Theta, 240 mm)

equipped with a PIXcel-1D detector, Bragg-Brentano beam optics (including hybrid monochroma-

tor), and parallel beam optics. Raman spectra were obtained with a LabRam spectrometer (Jobin

Yvon Horiba). The excitation line was provided by an Ar laser (532.19 nm). UV-Vis spectroscopy

was measured using a Shimadzu UV 3600 spectrometer. XPS measurements were performed using

Axis Supra (Kratos Analytical) using the monochromated Ka X-ray line of an Aluminium anode.

The pass energy and step size were 40 eV and 0.15 eV respectively. The samples were electrically

grounded to minimize charging effects. Data processing was performed using CasaXPS program.

D.1.5 Materials

The following chemicals were used as received without further purification. CuCl2.2H2O was

purchased from Acros organics and (NH4)6H2W12O40 · xH2O was obtained from Sigma Aldrich.

PEG-300 was obtained from TCI, lot. UP2XKAA, d 1.13.
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D.2 Supplementary figures and tables

A) B)

C) D)

Figure D.1: Tauc plot of the CuWO4 films condition A, B, C and D

Figure D.2: Cross section SEM micrograph of CuWO4 film condition A. The film thickness is found to be
approximately 400 nm.
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A) B)

Figure D.3: Average photocurrent at A) 1.23 V vs. RHE and B) 1.75 V vs. RHE of the CuWO4 film
condition A and the CuWO4 films which have been subjected to the secondary annealing under 13 %
H2/Ar flow at 300 °C for 5, 10 and 20 minutes (condition B). The average photocurrent was obtained by
performing chopped-light illumination LSV.

A) B)

Figure D.4: Average IPCE of the CuWO4 condition A, B, C and D from 300 - 800 nm at A) 1.23 V vs.
RHE and B) 1.75 V vs. RHE.
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A) B)

C) D)

Figure D.5: Normalized average IPCE at 1.23 V vs. RHE and at 1.75 V vs. RHE of the CuWO4 condition
A) A, B) B, C) C and D).
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