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Nanostructured Oxide Semiconductors for Photoelectrochemical Cells

by João Pedro FREITAS

In recent years, hydrogen (H2) has gained popularity as a strategic energy source, though 95

% of the global hydrogen produced derives from fossil sources. Although the challenge of im-

plementing a green route to produce (green) hydrogen has already been established by water

electrolysis through the use of electrolyzers, this approach is extremely dependent on external

sources of energy, typically photovoltaic panels. Photoelectrochemical (PEC) cells arise as a

clean and low cost alternative for direct production of H2 using only sunlight and water as pri-

mary sources. Basically, a PEC cell consists in a semiconductor which, by the incidence of so-

lar radiation, generates electron-hole pairs that subsequently participate in the water-splitting

reaction, producing dispatchable hydrogen fuel. However, the challenge of finding a semicon-

ductor that fulfills all the requirements for sustainable PEC device, such as efficiency, low cost,

stability, non-toxicity, and scalability, still leaves this H2 production technique in a widely and

intensive research and development topic.

Oxide semiconductors, such as hematite (α-Fe2O3) and tungsten trioxide (WO3), have gath-

ered increasing attention due to their abundance, low-cost, non-toxicity and scalability, making

them suitable options for PEC cells applications. In particular, hematite is considered a promis-

ing candidate due to its narrow optical band gap (2.2 eV), long-term stability and natural abun-

dance, reaching 12.9 % solar-to-hydrogen efficiency in theory.

This dissertation focuses on the development and optimization of efficient semiconductor

oxide photoanodes based on hematite, by combining different strategies, nanostructuring and

elemental doping, to improve the overall PEC performance. Photoanodes based on 1D bare

hematite nanowires (NWs) were obtained through two hydrothermal route. The role of the ox-

idizing agent, sodium nitrate (NaNO3) or urea (CH4N2O), in the hydrothermal synthesis was

http://www.ifimup.up.pt
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studied. Furthermore, an elemental doping of several suitable metals on the bare hematite was

conducted. Mn, Co and Ti doping elements were tested, along with a study of effect of their

doping concentrations (Cdopant), and related with the output of the photocurrent (j) output of

the PEC cell. Besides the photo performance, morphology, optical, and structural by means of

X-Ray Diffraction (XRD) and Rutherford Backscattering Spectrometry (RBS) characterizations

techniques were carried out and their results related to the underlying physical-chemical char-

acteristics of the photoanodes.

Here, the oxidation agent unveiled a strong impact on the synthesis of both undoped (bare,

Cdopant = 0 %) and doped hematite NWs. The smaller thickness along with a higher conductivity

suggested by the structural preferential growing in the (110) plane and higher Sn diffusion were

considered the main players for the enhanced j response of method using NaNO3 as the oxidiz-

ing agent. The introduction of the Mn dopant showed no j improvements in method A (NaNO3),

whereas in method B (urea), a 7 % Mn Cdopant achieved a 37 % increase in j response compared

to the respective bare hematite photoanode. This increase was associated with an enhanced

crystallinity quality and thinner thickness. Additionally, RBS measurements suggested that the

Mn dopant promoted a higher Sn diffusion, which is associated with higher conductivity that ul-

timately leads to best j. Furthermore, an onset potential (V onset) decrease was observed, reach-

ing remarkable cathodic shifts of 70 mV and 60 mV for method A (NaNO3) and method B (urea),

respectively. This result is rather important and such shift values are not usually found in the

literature putting this work in front of a novel result. On other hand, the introduction of the Co

dopant for both methods, NaNO3 and urea, did not result in j improvement, however, it proved

to be beneficial for the decrease of V onset, reaching cathodic shifts of 40 mV and 30 mV for 1 %

in method A (NaNO3) and 7 % in method B (urea), respectively. Finally, Ti doping with method

A (NaNO3) showed an optimum Cdopant of 0.5 %, reaching a j ∼ 0.9 mA·cm−2 at 1.45 V RHE (15.5

% increase response compared to bare hematite). This was associated with an increase in the

effective surface area and an enhanced crystallinity quality.

In addition, Electrochemical Impedance Spectroscopy (EIS) was performed on WO3 nanoplates

multilayers synthesized by hydrothermal method in an attempt to better understand the effect

that the number of layers has on electrochemical performance. EIS features corroborated the

j-V results with the 5 layers sample achieving the lowest resistance to charge transfer between

the semiconductor/electrolyte interface and lower flat-band potential, thereby, reinforcing the

optimum WO3 nanoplates photoanode was achieved with 5 layers.
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Semicondutores de Óxidos Nanoestruturados para Células Fotoeletroquímicas

por João Pedro FREITAS

Nos últimos anos, o hidrogénio (H2) tem vindo a ganhar popularidade como uma fonte

estratégica de energia, no entanto, 95 % do hidrogénio globalmente produzido deriva de fon-

tes de energia fósseis. Embora o desafio de implementar uma maneira verde de produzir H2

(verde) já tenha sido estabelecida, por eletrólise da água através do uso de eletrolisadores, esta

abordagem é extremamente dependente de fontes externas de energia, tipicamente de painéis

fotovoltaicos. As células fotoeletroquímicas (PEC) surgem como uma alternativa limpa e me-

nos dispendiosa para a produção direta de H2 utilizando apenas a luz solar e a água como fontes

primárias. Resumidamente, uma célula PEC consiste em um semicondutor que, pela incidên-

cia da radiação solar, gera pares eletrão-lacuna que posteriormente participam na reação de

separação da água, produzindo hidrogénio verde como combustível de energia. No entanto,

o desafio de encontrar um semicondutor que cumpra todos os requisitos para um dispositivo

PEC sustentável, tais como eficiência, baixo custo, estabilidade, não toxicidade e escalabilidade,

ainda deixam esta técnica de produção de H2 alvo de uma ampla e intensiva pesquisa e desen-

volvimento.

Semicondutores de óxidos, como a hematite (α-Fe2O3) e o trióxido de tungsténio (WO3),

reuniram uma atenção crescente devido à sua abundância, baixo custo, não toxicidade e es-

calabilidade, tornando-os candidatos adequados à aplicações em células PEC. Em particular, a

hematite é considerada um promissor candidato devido ao seu hiato de energia (2.2 eV), esta-

bilidade a longo prazo e abundância natural, atingindo uma eficiência de solar para hidrogénio

de 12.9 % em teoria.

Esta dissertação tem como foco o desenvolvimento e otimização de fotoânodos eficientes

de semicondutores de óxidos baseados em hematite, combinando diferentes estratégias, como
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a nanoestruturação e dopagem de elementos, para melhorar o desempenho fotoeletroquímico.

Fotoânodos baseados na configuração 1D de nanofios (NWs) de hematite foram obtidos atra-

vés de dois métodos hidrotérmicos. Foi estudado o efeito do agente oxidante, nitrato de sódio

(NaNO3) ou urea (CH4N2O), na síntese por método hidrotérmico. Além disso, foi realizada uma

dopagem de vários metais nos nanofios de hematite. Foram testados os elementos atómicos

Mn, Co e Ti, juntamente com um estudo do efeito da concentração de dopagem (Cdopant), re-

lacionando com os valores de fotocorrente (j) obtidos pela célula PEC. Além das medidas da

foto performance, foram realizadas técnicas de caracterização: morfológica, ótica e estruturais

por meio de Difração de Raios-X (DRX) e Retrodispersão de Rutherford (RBS), sendo os seus

resultados relacionados com as características físico-químicas subjacentes dos fotoânodos.

O agente de oxidação revelou ter um forte impacto na síntese dos NWs de hematite não

dopados (Cdopant = 0 %) e dopados. A menor espessura, juntamente com uma maior condu-

tividade sugerida pelo crescimento estrutural preferencial no plano (110) e maior difusão de

Sn, foram considerados os principais fatores para a aprimorada resposta de j pelo método utili-

zando NaNO3 como agente oxidante. A introdução do dopante de Mn não apresentou melho-

rias de j no método A (NaNO3), enquanto no método B (urea), uma Cdopant de 7 % Mn obteve

um aumento de 37 % na resposta de j em comparação com o respetivo fotoânodo de hematite

não dopada. Este aumento foi associado a uma melhor qualidade cristalina e espessura mais

fina. Além disso, as medidas de RBS sugeriram que o dopante de Mn promoveu uma maior di-

fusão de Sn, que por estar associada a uma maior condutividade, leva ao melhor j obtido. Além

do mais, observou-se um decréscimo do potencial de onset (V onset), atingindo deslocamentos

catódicos notáveis de 70 mV e 60 mV para o método A (NaNO3) e método B (urea), respetiva-

mente. Este resultado é bastante importante uma vez que tais valores de deslocamento não

são normalmente encontrados na literatura, colocando este trabalho na frente de um resultado

inédito. Por outro lado, a introdução do dopante Co para ambos os métodos, NaNO3 e urea, não

resultou em melhora de j; porém, mostrou-se benéfico para a diminuição do V onset, atingindo

desvios catódicos de 40 mV e 30 mV para 1 % no método A (NaNO3) e 7 % no método B (urea),

respetivamente. Finalmente, a dopagem de Ti no método A (NaNO3) mostrou um Cdopant ótimo

de 0.5 %, atingindo um j ∼ 0.9 mA·cm−2 at 1.45 V RHE (15.5 % de aumento de resposta em relação

à hematite não dopada). Isto foi associado a um aumento na área de superfície efetiva e a uma

aprimorada qualidade cristalina.

Além disso, foram desenvolvidas nanoplacas de WO3 pelo método hidrotérmico. A Espec-

troscopia de Impedância Eletroquímica (EIS) foi realizada em nanoplacas de WO3 na tentativa



de melhorar a compreensão sobre o efeito que o número de camadas tem no desempenho ele-

troquímico. As medidas de EIS corroboraram os resultados de j-V, com a amostra de 5 camadas

a alcançar a menor resistência à transferência de carga entre a interface semicondutor/eletró-

lito e menor potencial de banda plana, vindo assim a reforçar que o ótimo fotoânodo de nano-

placas de WO3 ótimo foi alcançado com 5 camadas.
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Introduction: Houston, we have a some

problem(s) ...

Energy shapes our world. Since humans learned to control fire to power entire cities, life has

completely changed. An undoubtful improvement has occurred, allowing humans to drive fur-

ther beyond expected. Energy is everywhere in our lives, in the form of electricity used to power

our alarms to wake us up, gadgets to spend time, machines to sustain all industrial processes

and home appliances. An enormous effort has been put to supply most people with a cheap and

stable energy chain, that most young people, nowadays, do not know what it is to experience a

blackout or get stuck in an elevator. However, there are still 770 million people without access to

electricity, mostly in Africa and Asia [1]. Figure 1 shows a clear relationship between the energy

usage and wealth production, supporting the premise that energy propels an economic growth.

FIGURE 1: Comparison between the average income and energy consumption per person, in
2014. [Adapted from [2]]

1
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Unfortunately, the current energy produced is far from being sustainable, both for the envi-

ronment and ourselves. About 63 % of the electricity production in 2019 came from fossil fuels

[3], accounting for 27 % of global greenhouse gas (GHG) emissions [2]. Combining electricity

production with transportation and heat/cooling, the share of global emissions rises to 50 %,

as can be seen in Figure 2. GHGs emissions lead to global warming as they trap the radiation

emitted by the Earth inside our atmosphere, increasing the greenhouse effect. Even though this

is an incredible process that allowed us to maintain a habitable temperature on Earth for all our

existence, the increase in GHG emissions observed in the last 60 years provoked a disruption in

this process, converting it into a heater process instead of a thermoregulation process. At this

point, a temperature increase effect is inevitable. The question now is: How much will it be?

And the answer is extremely important. An increase difference of just half degree Celsius (2.0

°C instead of 1.5 °C) leads to an additional 23 % of Earth’s population being exposed to severe

heatwaves at least once every five years; an 8, 16 and 18 % loss of vertebrates, plants and insects,

respectively; a 99 % loss of coral reefs with a 3 million extinction of fishing shoals; among others

[4].

Although multiple promises and agreements were made to keep this increase at 1.5 °C by

2100 [5], we continue off the pace to minimize it. As seen in Figure 3, keeping the current poli-

cies will lead to a temperature increase of 2.5 - 2.9 °C. Therefore, a remarkable and notorious

development in technology and political change is mandatory to remain at the 1.5 °C target.

On the one hand, there is an urgency to stop GHGs emissions, keeping the 1.5 °C target alive.

On the other, there is an inability to accomplish it, owing to the lack of green 1 and reliable en-

ergy sources available to sustain our current level of life and reach the population who does not

FIGURE 2: Global greenhouse gas emissions by sector. [Adapted from [2]]

1Whenever a technology is mention to be green, it refers to having a net-zero GHGs emissions.
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FIGURE 3: Greenhouse gas annual emissions from 1990 to 2100, according to different scenar-
ios. [Adapted from [6]]

have access to electricity. We cannot simply shut down every fossil fuel source of energy pro-

duction without having a cheap and reliable alternative, as it will lead to economic regressions

and an unimaginable number of human deaths. We must not be blind! A global agreement plan

must be done with clear measures and commitment, outlining a path where a net-zero econ-

omy is reached with security and stability through cooperation between all the countries in the

world.

As always, it is easier said than done. A singular clean, cheap, and worldly permanently

available energy source does not exist, causing the incorporation of green alternatives an ex-

pensive process with political constraints in most cases. Nevertheless, I believe in Human per-

severance to find an array of clean, stable and low-cost alternatives to be strategically applied to

solve our problems. If we can develop energy sources which are sustainable, clean and cheaper

than fossil fuels, both developed and developing countries will feel compelled to incorporate

them. Of course, these technologies are not yet available, as some await further development

and others to be discovered. While the search and development continue, other alternatives,

despite not being perfect, must compensate and lower fossil fuel consumption. Although hydro

technology is close to reaching maximum efficiency, solar and wind energies have been grow-

ing. The importance of these green energies can not be underestimated, as demonstrated, for

instance, by (solar and wind energies) preventing the European Union (EU) from importing 70

billion cubic meters of Russian natural gas during the war in Ukraine [7].
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Another renewable energy source which has been gathering attention is Hydrogen (H2).

The lightest element molecule on Earth can act as a cheap, sustainable and permanent energy

source (24 hours a day, all year round). Additionally, it is stable, presents minimal self-discharge

and has a high volume and mass energy density (> 1 kWh/L). On the other hand, it is a gas (it

can be liquefied, but it is not profitable) making it difficult to handle, store and transport, and

displays a low round-trip-efficiency of ca. 35 %. Although not the ideal energy vector, hydrogen

will play an important role in the electricity mix production and the transportation industry,

with fuel cells vehicles and the synthesis of synthetic fuels, in the following years.

This work explores one of the available methods for green hydrogen production, namely

by using photoelectrochemical (PEC) cells to perform solar water splitting. Firstly, we inspect

hydrogen production methods, followed by a contextualization of photoelectrochemical (PEC)

cells with the materials and strategies applied to improve them (in Chapter 1). Chapter 2 de-

scribes the experimental methods and materials for the synthesized samples, along with the

characterization techniques performed in this work. Chapters 3 to 5 report the research done

with hematite, a promising semiconductor for PEC cells. Moreover, the analysis of electrochem-

ical impedance spectroscopy measures of tungsten trioxide multilayers PEC cells is presented in

Chapter 6. Finally, the overall conclusions and ongoing/future work are discussed in Chapter 7.

The work was -, is and will continue to be - motivated by the faith in achieving an energy

economy with net-zero emissions, capable of providing accessible, low-cost and sustainable

energy all across the planet, assuring the continuous development of Humanity in communion

with nature.



Chapter 1

Hydrogen: A novel trend in fuel

generation

Hydrogen is the lightest and most abundant element known in the universe. On Earth, hy-

drogen generally exists in molecular forms, like water and organic compounds, or as a gas of

diatomic molecules with a covalent bond between two hydrogen atoms, forming molecular hy-

drogen, H2. Since hydrogen rarely appears in nature as a gas, it has to be separated from other

molecules.

Hydrogen was firstly observed in 1520 by Theophrastus von Hohenheim, who documented

an ascending gas through the dissolution of metals in sulfuric acid. Two centuries later, Henry

Cavendish identified a chemical element discovered by Robert Boyle when reacting iron with

dilute acid. However, the current name was only given in 1783 by Antoine Lavoisier. The first

report of water electrolysis came in 1789 with Rudolph Deiman and Adriaan Paets van Troost-

wijk using an electrostatic machine on gold electrodes in a Leyden jar filled with water [8]. Years

later, a voltaic pile was used to decompose water in hydrogen and oxygen by William Nicholson

and Sir Anthony Carlisle. [9, 10]

Historically, hydrogen has received many applications: such as the Hindenburg transat-

lantic zeppelin, which completed ten successful flights, but went up in flames in 1937; the

hydrogen bomb, only tested so far; hydrogen-powered vehicles with an internal combustion

engine using hydrogen as fuel ("Erren engine"); and fuel cells used in space missions. Nowa-

days, hydrogen is mainly used in industrial processes, like the synthesis of ammonia for fertil-

izer production and petroleum refining to remove sulphur from fuels and to upgrade heavy oil

fractions [9]. Recently, fuel cell vehicles fed by hydrogen have been receiving attention, together

5
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Storage Method Energy Volume Density [kWh ·L−1] Mass Density [g ·L−1]

STP conditions 2.98×10−3 0.089

Liquefied 20 K 2.3 70

Compressed 350 bar 640×10−3 19

Compressed 700 bar 1.3 39

Gasoline 9.3 0.78

TABLE 1.1: Comparison hydrogen between storage methods, with gasoline as a fossil fuel com-
parison [13, 14].

with synthetic fuels (e-fuels), produced by combining hydrogen, CO2 and electricity, as the case

for e-methanol [11].

Motivated by public pressure regarding climate change, new energy alternative sources have

been searched. Hydrogen began to receive a powerful lobby in the energy industry, owing to a

feasible production, storage and electric energy generation without greenhouse gases (GHGs)

emissions. Therefore, it is a constant energy source (24 hours a day, all year round), with the

possibility of being transported and stored everywhere.

However, hydrogen usage as an energy source is not all a fairy tale. As a result of being the

smallest and lightest element on Earth, storage and transportation present a real challenge, as

the volume density is extremely low, which requires the gas to be compressed to 700 bar to have

an energy volume density compared with other fuels (see Table 1.1). Liquefying offers a higher

energy volume density, though it presents a loss of 2-3 % of volume per day suffered by hydrogen

evaporation (the liquefaction process requires the cryostat to be open); not to mention liquefy

and keeping the cryogenic temperature consumes a high amount of energy. Other solutions to

the transportation problem consist of using hydrides, which are hydrogenated inorganic com-

pounds that can store hydrogen; and bending hydrogen in the existing natural gas pipelines (H2

- CH4), as it was already tested in the United Kingdom [12].

In addition, hydrogen must present a high round-trip efficiency to compensate for the low

energy volume density. Even though it is currently only at 35 % [15], the last few years have been

full of efforts in terms of scientific research and technology innovation, with notorious research

and development placed into advanced electrolyzers and new technologies to produce sustain-

able hydrogen. In detail, one of the most innovative and advanced ways to obtain hydrogen is

from photoelectrochemical (PEC) cells, as will be presented in this dissertation. But first, an

understanding of how hydrogen is currently produced and the alternative routes available is

broken down in the following section.



Chapter 1: HYDROGEN: A NOVEL TREND IN FUEL GENERATION 7

1.1 Hydrogen Production

Hydrogen can be produced by different methods, namely by steam-reforming methane, methane

pyrolysis and water electrolysis. To simplify, a colour scheme has been assigned for each pro-

duction method, as shown in Figure 1.1.

Nowadays, about 95 % of hydrogen produced derives from fossil fuels (the so-called grey

hydrogen), mainly by steam-reforming methane (SMR) or coal gasification, contributing to an

estimated 21.9 metric tons of GHGs emissions [17]. With the aim of reducing carbon emis-

sions, these methods can combine with carbon capture and storage (CCS) devices to diminish

CO2 emissions (blue hydrogen). However, grey and blue hydrogen continue to rely on finite

resources, which are highly exposed to fossil fuel price fluctuations and dependent on the ex-

pensive prices of CCS devices.

Turquoise and green hydrogen are the only approaches with zero GHGs emissions. Turquoise

hydrogen is produced by methane pyrolysis (or decomposition). Contrary to SMR, pyrolysis

consists on the thermal decomposition of methane in hydrogen and solid carbon black, as wit-

nessed in Equation 1.1. Hydrogen can then be stored or transported to generate electricity,

while carbon black integrates the existing market, providing an additional profit. However, the

high temperatures (900 °C [18] and 1000 °C [19]) necessary to conduct the decomposition reac-

tion associated with expensive costs remain significant improvement areas regarding this tech-

nique.

FIGURE 1.1: Main shades of hydrogen according to the production method. [Extracted from
[16]]
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CH4 (g) → C (s)+2H2 (g), ∆H0
298K = 74.8kJ ·mol−1 (1.1)

Finally, green hydrogen consists on the electrolysis of water (H2O). Water, which accounts

for 71 % of the Earths surface, is composed of two hydrogen atoms bonded to an oxygen atom,

making it the most appealing molecule to extract hydrogen. Equation 1.2 represents the water

electrolysis reaction, where completely sustainable hydrogen and oxygen are produced. En-

ergy needs to be provided to separate water molecules, making this an endothermic reaction.

Therefore, a bias potential from renewable sources (e.g. wind, solar, etc.) must be supplied for

the reaction to occur. Water splitting is usually carried out by electrolysers using energy from

renewable sources, like photovoltaic (PV) panels (this strategy is named PV-E). Besides the re-

quired energy bias, PV-E modules employ an extensive number of materials and space with long

wiring cables to connect the PV panels to the electrolysers.

One promising technology is photoelectrochemical (PEC) cells, which allow the on-site pro-

duction of green hydrogen by solar water splitting in a single device. The less material and

wiring required make PEC cells potentially cheaper, with the ability to attain higher potential ef-

ficiencies as electrons travel a shorter distance, avoiding resistance in wiring and resistive losses

[20].

H2O (l) → H2 (g)+½O2 (g), ∆H0
298K = 237.2kJ ·mol−1 (1.2)

A detailed look at the working principles of PEC cells, materials and strategies to improve

their performance is examined in the remainder of the chapter.

1.2 Photoelectrochemical Cells

Initially introduced in 1972 by Fujishima and Honda [21], photoelectrochemical (PEC) cells

have been under constant development, especially in recent years, where nanotechnology has

allowed substantial improvements in the efficiency of these cells.

A PEC cell (illustrated in Figure 1.2) consists on a semiconductor1 (the working electrode)

and a counter-electrode (usually platinum), both immersed in water. The incidence of solar

radiation with energy higher than the band gap of the semiconductor generates electron-hole

1A semiconductor is a material in which the conduction and valence bands are separated by a small energy gap,
denominated band gap (Eg ). By applying an energy equal or higher to the band gap (E > Eg ), the material generates
electron-hole pairs (e− – h+), which turns the material conductive.
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FIGURE 1.2: Schematic of a PEC cell for solar water splitting with hematite as the semicon-
ductor (working electrode). Solar light generates electron-hole charge carriers pairs on the
semiconductor; holes facilitate the oxidation reaction that produces oxygen on the working
electrode, while the free electrons flow to the counter-electrode to promote the reduction re-

action that generates hydrogen.

pairs (e− – h+) that will participate in water-splitting reactions. Electrons are collected by a con-

ductive substrate (fluorine-doped tin oxide - FTO in the Figure 1.2) and directed, through an ex-

ternal circuit, to the counter-electrode of platinum, where they will participate in the reduction

reaction for the hydrogen evolution reaction (HER). On the other hand, holes are transferred to

the water-based electrolyte in order to participate in the oxidation reaction of the oxygen evo-

lution reaction (OER). The electrochemical reactions at each electrode, working and counter

electrodes, are described as follows:

• Working electrode: composed by the semiconductor material, where the oxidation reac-

tion occurs:

Basic media: 4OH−+4h+ −→ 2H2O+O2, E◦
O2/OH− =−0.401V (1.3)

Acid media: H2O+2h+ −→ 2H++ 1/2O2, E◦
H2O/H2

= 1.23V (1.4)

• Counter electrode: composed by a metal resistant to corrosion (e.g. Pt), where the reduc-

tion reaction occurs:

Basic media: 4H2O+4e− −→ 2H2 +4OH−, E◦
H2O/H2

=−0.828V (1.5)

Acid media: 2H++2e− −→ H2, E◦
H2O/H2

= 0.0V (1.6)
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From these equations, we conclude that, under standard conditions, the water electrolysis

is not spontaneous, requiring a minimum potential of 1.23 V at 25 °C for the reaction to occur.

The need for a bias potential represents one of the drawbacks of PEC cells, as it leaves them

dependent on other energy sources to produce hydrogen. Coupling low-cost PV devices with

PEC cells (PEC/PV tandem cells) offer the external bias potential needed for hydrogen produc-

tion to occur unassisted [22–25]. Additional challenges are associated with poor semiconductor

efficiencies, lack of long-term stability, optical losses, mass transport limitations and scalabil-

ity of cells, which are overcome with specific materials and applied strategies, as discussed in

Sections 1.2.1 and 1.3.

1.2.1 Sustainable Photoanode Materials

Photoanode is one of the principal factors in the performance of photoelectrochemical cells,

with some requirements needed to be fulfilled, as shown in Figure 1.3. As mentioned in the

previous section, the photoanode material must be a semiconductor for the cell to be photoac-

tive. Secondly, the semiconductor band gap should cover the HER and OER potentials, having

at least the minimum potential of 1.23 V plus the activation energy needed for the reaction to

initiate (low kinetic overpotentials). An ideal band gap (of ca. 1.8 eV) lowers the dependence

on an external bias potential, contributing to a more efficient cell. Furthermore, semiconduc-

tor materials should possess a strong absorption of visible light since visible light has the best

availability/energetic relation of all sunlight. Chemical stability, low-cost, non-toxicity and scal-

ability represent additional requirements for PEC cells to enter suitably in the energy market.

Another factor to consider is the synthesis method of the photoanode materials. These synthe-

sis methods must be equally efficient, simple and scalable to not compromise the low-cost of

materials.

Finding a single material to fulfil all requirements is extremely difficult, being the search for

a unique material that obeys all requirements the holy grail of this research area. In the mean-

while, the available materials are engineered to extract the optimum possible performance. For

instance, an ideal semiconductor material must simultaneously cover the band edges of HER

and OER redox potentials, while also absorbing a significant share of visible light. From Fig-

ure 1.4 we conclude that there is no material capable of simultaneously fulfilling these two re-

quirements. In these situations, studies need to be conducted to determine a optimum agree-

ment between factors that improves the cell performance.
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FIGURE 1.3: Properties for a sustainable and efficient photoanode material. [Adapted from
[26]]

FIGURE 1.4: Band gap positions for several semiconductor materials in contact with the aque-
ous electrolyte at pH = 0 relative to normal hydrogen electrode (NHE) and the vacuum level.
The HER (upper dash line) and OER (lower dash line) redox potentials are presented for com-

parison. [Extracted from [27]]

Oxide semiconductors, namely, hematite (α-Fe2O3) [28–30], tungsten trioxide (WO3) [31–

33] and titanium dioxide (TiO2) [34–36] have been going through extensive study due to their

abundance, non-toxicity and scalability. Advances in the performance of these semiconduc-

tors were made, with an inspiring number of methods and strategies emerging. Yet, despite

the successes achieved to date, there is not still a single system capable of offering all require-

ments, such as high solar-to-hydrogen (STH) efficiency, affordability, and scalability, with high

performance and long-term stability.

In this thesis, we focus on the development of photoanodes based on two oxide semicon-

ductors, α-Fe2O3 and WO3, employing strategies like nanostructuring and doping with scalable

and low-cost synthesis techniques, to improve the performance of PEC cells. The following
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sections (Sections 1.2.1.1 and 1.2.1.2) introduce the physical and electrochemical properties of

the developed semiconductors, giving particular attention to hematite due to the outstanding

properties that cause it to have one of the highest theoretical photoconversion efficiency.

1.2.1.1 Hematite

Hematite (α-Fe2O3) is the most stable form of iron oxide under ambient conditions, making it

the most abundant form of crystalline iron oxide. In the past few years, hematite has been gain-

ing significant research attention owing to a short optical band gap (2.0 - 2.2 eV, which provides

an ampler visible light absorption), pre-eminent chemical stability, low-cost and natural abun-

dance, which enable a predicted solar-to-hydrogen (STH) efficiency of 12.9 % in theory [37].

However, the current reported STH values are significantly lower than the theoretical, mainly

due to several material limitations, such as low conductivity (∼ 10−2 cm2 V−1 s−1) [38] and high

recombination rate of electron-hole pairs caused by a short hole diffusion length (∼ 2 e 4 nm)

[39] and short lifetime of photogenerated charge carriers (< 10 ps) [40].

A deeper discussion of hematite properties is taken to understand the advantages and chal-

lenges hematite faces in the application for PEC cells. The following paragraphs discuss the

crystal structure of hematite and its optical, electronic and photoelectrochemical properties.

Crystal Structure Iron oxide exists as amorphous Fe2O3 and as four polymorphs (α, β, γ, and

ϵ). α-Fe2O3, also called hematite, is the most common Fe2O3 polymorph existing in nature. Iron

and oxygen atoms crystallise in a rhombohedral centered hexagonal structure of the corundum

type (α-Fe2O3), with trigonal-hexagonal scalenohedral symmetry in the space group R-3c, lat-

tice parameters a = 5.0356 Å, c = 13.7489 Å, and six formula units per unit cell. The O2− anions

arrange in a hexagonal close-packed lattice along the [001] direction, with the Fe3+ cations oc-

cupying two-thirds of the octahedral interstices in the (001) basal planes and the tetrahedral

sites remaining unoccupied [41–43]. Figure 1.5 shows the pairs of FeO6 octahedra that share

edges inside the basal (001) plane and one face with an octahedron in an adjacent plane in the

[001] c-axis. This face-sharing results in repulsion between Fe atoms along the direction normal

to the [001], causing the cations to shift closer to the unshared faces, which causes a trigonal

distortion from the ideal packing [42]. The crystal orientation of the nanostructures is also a

determinant factor in the performance of PEC cells, as structures having multiple orientations

yield less performance compared to structures with a preferential orientation [44].
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FIGURE 1.5: Schematic illustration of the hematite unit cell with octahedral face-sharing (left).
The detailed view (right) represents one face-sharing dimer (Fe2O9), with longer (yellow) and
shorter (brown) Fe-O bonds resulting from the repulsion between the Fe3+ cations. [Extracted

from [45]]

Optical Properties The optical absorption of hematite begins in the near-infrared spectral

region, formed by d −d transition states between energy levels for the electron configuration

d 5 of the Fe3+ ion, which are split by an intrinsic crystal field [46]. Hematite presents a band

gap energy between 2.0 to 2.2 eV (corresponding to λ = 620 to 560 nm), meaning only radiation

with the same or higher energy than the band gap is absorbed. The red-brown characteristic

colour of hematite is given by the transmission of orange to infrared photons and the strong

absorption of yellow to ultraviolet radiation in the visible spectrum.

Assuming that the energy bands are parabolic with respect to the crystal momentum, the

Tauc analysis of the absorption coefficient indicates that the band gap is indirect, i.e. phonon

participation is necessary for the photoexcitation process. As a consequence, the absorption

length (α−1) of hematite is relatively long, e.g. α−1 = 118 nm at a photon wavelength of 550 nm

[47].

In terms of PEC performance, the band edge positions are of extreme importance. UV pho-

toelectron spectroscopy indicates that the bottom of the conduction band lies 0.1 – 0.2 eV lower

than the HER potential, as can be observed in Figure 1.6 [48, 49]. Therefore, even for heavily

n-doped hematite where the quasi-Fermi for electrons (EF,n) lies just below the bottom of the

conduction band, complete water splitting using hematite as a single photoabsorber cannot

take place without an external bias. The valence band lies about 0.7 eV below the OER poten-

tial. Figure 1.6 displays the band gap position of hematite compared to an ideal photocatalyst

for PEC cells.
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FIGURE 1.6: Band gap positioning of hematite compared with an ideal photoanode. [Extracted
from [50]]

FIGURE 1.7: Schematic of the Fe2+/3+ valence alternation in the electron transfer reaction be-
tween nearest-neighbour iron atoms. Fe2+ ionic radius is bigger than Fe3+. The important
nuclear configurations concerting electron transfer are those of the reactants, qA, and prod-

ucts, qB, and the crossing-point configuration, qC. [Adapted from [51]]

Electronic Properties In terms of electronic properties, hematite is described as a Mott in-

sulator where charge transport follows the adiabatic small polaron model, including the effect

of the size difference between Fe2+ and Fe3+ ions and the associated lattice distortion. The

introduction of an extra electron provokes a Fe2+/3+ valence alternation in the electron trans-

fer reaction between nearest-neighbour iron atoms. As a result, the ionic radius of the iron site

increases and the surrounding lattice polarizes, which originates a distortion that traps the elec-

tron (see Figure 1.7). The distortion of the surroundings moves with the migrating charge when

an electron or a hole migrates to an adjacent iron atom, thus conducting electricity.

Hematite is considered a weak n-type semiconductor, with electrons (majority charge carri-

ers) being the principal responsible for α-Fe2O3 conductivity. Since the majority charge carriers

(photogenerated electrons) decay rapidly from the conduction band due to either the intrin-

sic electronic structure of the material or a high density of trapping states, the light-generated

charge carriers in α-Fe2O3 have a short lifetime, leading to poor conductivity [43, 52].

Photoelectrochemical Properties Photocurrent density-voltage (j-V ) curves are the main eval-

uation of a photoanode of water splitting. Figure 1.8 shows a typical j-V curve, where the po-

tential (V ) is applied while the photocurrent density is measured. Two main parameters are

taken from these measures: the plateau current (j), which is the highest value of photocurrent
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FIGURE 1.8: Photoelectrochemical curves of an ideal photoanode compared to the state-of-
the-art of hematite.

at a given potential (usually 1.23 V RHE or 1.45 V RHE), and the onset potential (V onset), given by

the minimum bias potential applied for the OER reaction to occur (Equation 1.4). The plateau

current is proportionally related to the hydrogen rate production, i.e. as the photocurrent in-

creases, more hydrogen is produced. The ideal hematite photoanode presents a plateau current

of 12.6 mA·cm−2 (under AM 1.5 G 100 mW/cm2 simulated sunlight conditions), which corre-

sponds to an incident photon to current efficiency (IPCE) of a unity. Additionally, the plateau

current is reached within 0.1 V from the onset potential that equals the flat band potential

(V f b)1, with a potential ca. + 0.4 V versus reversible hydrogen electrode (RHE) [53]. However,

the current state-of-the-art presents a V onset of 1.0 – 1.1 V RHE, taking up to 0.4 – 0.5 V to reach

the maximum photocurrent value of 4 mA·cm−2 at 1.5 V RHE [54].

The photoelectrochemical performance of the ideal and real hematite photoanode can be

compared in Figure 1.8. From the j-V curve behaviour, three regions are defined according to

their principal limiting factor of performance [48]. For V f b <V <Vonset , holes transferred to the

electrolyte efficiency (ηct) and the small photovoltage (V ph) are the bottlenecks. For V moder-

ately more anodic than V onset, the fraction of photogenerated charges reaching the respective

solid/liquid interface (ηtr) limits the reaction. Finally, for V highly more anodic than V onset, the

performance is only limited by the efficiency of the photons absorbed (ηe−/h+).

These limiting factors are overcome by strategies like nanostructuring, doping and the use

of co-catalysts, which enhance the photocurrent to its maximum photoconversion efficiency

1The flat band potential defines the potential at which there is no depletion layer at the semiconductor/elec-
trolyte interface. In a simplified manner, this is the theoretical potential needed to be applied to initiate the water
electrolysis.
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(Section 1.3 will address these strategies).

1.2.1.2 Tungsten Trioxide

Afterwards attracting much interest as an electrochromic material in "smart window" applica-

tions [55, 56], gas/humidity sensing and x-ray shielding [55], tungsten trioxide (WO3) was firstly

reported as a potential efficient photoanode for water splitting applications by Hodes et al. in

1976 [57]. Since then, WO3 has been through a detailed study to improve its PEC performance

through innovative morphologies and strategies [58, 59].

Similarly to hematite, WO3 is a low-cost material widely available, with high stability against

photocorrosion and easily synthesized through user-friendly and scalable methods, such as hy-

drothermal or electrochemical anodization [31–33]. On the contrary, tungsten trioxide presents

high conductivity (6.5 cm2·V−1·s−1), higher carrier lifetime (1-9 ns) and higher carrier concen-

tration (5×1019 cm−3), long hole (∼ 150 nm) and electron (∼ 500 nm) diffusion lengths, favourable

energy band edge for oxygen evolution, high stability in acidic aqueous solutions and presents

isotropic electronic properties [58, 59]. However, the large band gap of 2.6 – 2.8 eV implies a

poor absorption of 12 % of the solar spectrum, with low visible light absorption. Combined

with kinetic losses, WO3 presents a maximum solar-to-hydrogen conversion efficiency of just

4.8 % (under standard AM 1.5 solar illumination)1 [37, 59, 60].

Crystal Structure Tungsten Trioxide exists in six stable phases: tetragonal (α-WO3), orthorhom-

bic (β-WO3), monoclinic I (γ-WO3), triclinic (δ-WO3), monoclinic II (ε-WO3) and cubic WO3

(not commonly observed). All the crystallographic phases arise from deviations from the ideal

ABO3 perovskite structure of WO3, which bases on the three-dimensional networks of corner-

sharing WO6 octahedra, mainly due to distortions of antiferroelectric displacements (Figure 1.9)

[58]. In the bulk form, WO3 shows phase transitions during annealing or cooling in the following

sequence: monoclinic II (ε-WO3 for < -43 °C), triclinic (δ-WO3 from -43 °C to 17 °C), monoclinic

I (γ-WO3 from 17 °C to 330 °C), orthorhombic (β-WO3 from 330 °C to 740 °C) and tetragonal (α-

WO3 for > 740 °C) [58, 61]. Additionally, orthorhombic [61] and hexagonal [62] phases (named

orth-WO3 and hex-WO3, respectively) were observed. Among all crystallographic phases, the

monoclinic I (γ-WO3) has been reported as the beneficial phase for water splitting applications,

with specified preferential orientations leading to PEC improvements [26].

1Remember that hematite has a theoretical STH efficiency of 12.9. %.
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FIGURE 1.9: Unit cells of different phases of WO3, with tungsten atoms (larger gray balls) and
oxygen atoms (smaller red balls). [Extracted from [63]]

Optical Properties The electronic band gap of nanostructured WO3 is blue-shifted compared

to its bulk form, with a smaller band gap of 2.5 – 2.6 eV for crystalline WO3 as opposed to the

3.25 eV band gap for amorphous WO3 [64]. Consequently, stoichiometric WO3 is essentially

transparent to most visible light, with a yellow colour for smaller band gap samples.

In the same way as hematite, tungsten trioxide is an n-type semiconductor with a suitable

valence band for water oxidation (lower than the OER potential) and a conduction band incon-

venient for water reduction (lower than HER potential). Therefore, unassisted water splitting

using WO3 as a single photoabsorber cannot take place without an external bias.

Electronic Properties Tungsten trioxide electrical conduction relies on a significant concen-

tration of the majority charge carriers (free electrons) being present in the conduction band.

The majority charge carrier density in such materials is mainly determined by the number of

stoichiometric defects, like oxygen vacancies [65]. Research has found that the increased vol-

ume of grain boundaries, which contributes to more trapping and scattering of free charge car-

riers, decreased the conductivity of WO3 nanoparticles [58]. Additionally, the impact of lattice

strain and crystal distortions in charge transport also contributes to a decrease in conductivity.

On the other hand, high conductivity values were attained by enhancing the crystalline nature

and orientation of the nanostructure through a temperature increase [66]. Overall, the elec-

tronic properties of WO3 are strongly dependent on the synthesis techniques and the growth

conditions.
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Photoelectrochemical Properties WO3 exhibits a high resistance against photocorrosion and

good chemical stability in acidic aqueous solutions (pH < 4) under solar illumination. In terms

of performance, although the high conductivity, carrier lifetime and carrier concentration en-

abled a much higher STH conversion, the low absorption of solar light and large band gap

limit the PEC performance to a theoretical maximum solar-to-hydrogen efficiency of just 4.8

%. Nonetheless, research has consistently found new ways to overcome these limitations, op-

timizing the performance of tungsten trioxide to integrate further cell arrangements of higher

efficiency, like heterojunctions [67, 68] and PEC/PV tandem cells [23].

1.3 Strategies to Improve Photoelectrochemical Cells

Several strategies have been developed to overcome the weaknesses of the semiconductor ma-

terials used as photoanodes. Among them, the design of nanostructures, elemental doping,

heterojunctions and modifications of the surface/interface have been the ones, by far, most

widely addressed (Figure 1.10).

Nanostructured photoanodes provide an efficient collection of photogenerated charges by

improving the surface area of the photoanode/electrolyte interface. Moreover, coupling differ-

ent semiconductors materials in layers, so-called heterojunctions, enhance charge separation

of electron-hole pairs. Typically, photogenerated holes in the internal layer move to the valence

band of the outer layer, whereas electrons generated in the external layer fall to the conduction

band of the inner layer, facilitating electron collection by the FTO conductive substrate.

Doping intrinsic semiconductors with other elements has been widely used to promote

charge transfer, as it enables the presence of additional free electrons in the case of n-type

doping or additional vacancies in the case of p-type doping. Finally, surface/interface modi-

fications like surface passivation reduce the electron-hole pair recombination by improving the

electron collection by the substrate, while surface co-catalysts increase the water oxidation ki-

netics, which dispatches holes and reduces the recombination of electron-hole pairs. A scheme

with these strategies and their beneficial improvements is illustrated in Figure 1.10.

In this work, nanostructuring was applied to synthesize hematite nanowires (NWs) that im-

prove charge collection. Using a hydrothermal method, we produced non-toxic, stable and

low-cost photoanodes through a user-friendly, low-cost and scalable technique. To improve

the photoanode performance, elemental doping with Sn, Mn, Co and Ti promoted the charge



Chapter 1: HYDROGEN: A NOVEL TREND IN FUEL GENERATION 19

FIGURE 1.10: Strategies reported to improve semiconductors photoanodes for PEC cells. [Ex-
tracted from [30]]

transfer, leading to a more efficient PEC cell. Furthermore, the increase of water oxidation kinet-

ics through the deposition of co-catalysts is being exploited as ongoing work, taking us closer to

fulfilling all requirements of a sustainable PEC cell.

1.3.1 Nanostructuring

As previously discussed (Section 1.2.1.1), the photoelectrochemical performance of hematite

photoanodes is heavily limited by the high recombination of electron-hole pairs derived from

the short hole diffusion length and lifetime of photogenerated charge carriers.

Nanostructuring improves charge collection by enabling cleaner and shorter paths for elec-

trons to reach the conductive substrate and for holes to reach the photoanode/electrolyte inter-

face. The synthesis of different morphologies is obtained through both bottom-up or top-down

approaches, composed of synthesis techniques: e.g. anodization of Fe foils [69], electrochemi-

cal routes [70, 71], chemical vapor deposition (CVD) [53], spray pyrolysis [72, 73] and hydrother-

mal [74–76]. Regarding hematite photoanodes, Figure 1.11 presents numerous morphologies

developed to exploit the nanostructuring advantages. Among them, nanowires (nanorods) [70,

74, 75, 77, 78], nanotubes [69, 79, 80], cauliflower-like structure [53, 76, 81], nanoflakes [71, 82]

and nanoparticles [72, 73, 80] have shown remarkable improvements compared to bulk films.

The highlight of hematite nanostructures falls on Tilley et al. with their cauliflower-like

hematite photoanode synthesized by atmospheric pressure chemical vapour deposition, which
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FIGURE 1.11: SEM images and respective schemes of distinctive hematite morphologies grown
on the FTO coated glass substrate. [Extracted from [27]]

reached up to 3.45 mA·cm−2 at 1.23 V RHE [53]. However, as we search for abundant, non-toxic

and low-cost materials, their synthesis methods should equally be sustainable. The hydrother-

mal method stands out as a perfect candidate due to its diverse, user-friendly and scalable

approach to conceiving nanostructured materials. Distinct architectures have been synthe-

sized by hydrothermal method, like nanowires [74, 75], nanoflakes [83], nanosheets [84] and

cauliflower-type structures [76], showing functional applicability and appealing performance

for solar water splitting.

1.3.1.1 Nanowires (Nanorods)

Nanowires (NWs) caught significant attention for their simple structure, which enables the elec-

trons to travel a straightforward path to the substrate [75, 85]. Additionally, the increase in the

surface area of contact between the semiconductor and the electrolyte facilitates the collection

of holes by the photoanode/electrolyte interface (Figure 1.12(a)). The first report on hematite

NWs goes back to 2001 when Vayssieres et al. set an initial procedure to prepare hematite NWs

by hydrothermal method, proving their synthesis through scanning electron microscopy im-

ages (SEM) images [74]. Then, Beerman et al. used this strategy to show an efficiency improve-

ment of two orders of magnitude compared to other hematite films [86]. Since then, several

works have explored this topic, using this and other methods, like annealing on an iron foil and
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FIGURE 1.12: (a) Nanowires structure scheme representing the charge carriers (electrons and
holes) paths after photogeneration. The increase of surface area is also observed as the elec-
trolyte and sun light enter through the structure. [Adapted from [85]] (b) SEM image of β-

FeOOH nanowires after hydrothermal treatment. [Adapted from [29]]

electrochemical routes, to find the optimum synthesis process that maximises the PEC perfor-

mance.

Dedicating our focus to the hydrothermal method, the NWs grow vertically oriented on the

conductive substrate from an aqueous chemical bath solution containing the Fe3+ precursor

and an oxidation agent. High pressure and temperature conditions allow stable nucleation of

the iron ions [87]. A low pH chemical solution and a high ionic strength reduce the interfacial

tension between the solution and the as-formed crystals, which promotes the formation of a

metastable iron oxyhydroxide phase (β-FeOOH, also called akageneite [Figure 1.12(b)]) [74, 88].

Many studies reported the combination of the Fe3+ precursor reagent with sodium nitrate

(NaNO3) [83, 84, 89–91] as did Vayssieres et al., while others opted for a novel strategy by Xi et

al. [92] employing urea (CH4N2O) as the oxidation agent [93–95]. Although the contribution

of these oxidation agents is usually not considered when analysing the results, the impact it

has on the synthesis of a stable and pure form of iron oxide makes it a crucial factor for the

performance of the photoanode. Mentions of the effect the oxidation agent has on hematite

are not reported in the literature since results are always attributed to other aspects, like the

iron precursor concentration or pH value [88] or changes in morphology (NWs diameter and

thickness) [28]. Therefore, it is challenging to establish a comparison between the two agents

and their effect on the prepared hematite photoanodes.
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1.3.2 Elemental Doping

The incorporation of different elements (e.g. Sn, Co, Ti, to name a few) as dopants is an effective

strategy to enhance the photoelectrochemical activity of hematite photoanodes [30, 96]. Intrin-

sic hematite is considered a weak n-type semiconductor with poor electric conductivity [38, 52].

Thus, doping increases the donor density, which raises the concentration of the majority charge

carriers available, enhancing the electric conductivity of hematite.

Doping introduces chemical impurities in the intrinsic material structure, changing its elec-

trical, optical and structural properties, turning it into an extrinsic semiconductor [97]. The

dopant concentration stands out as a crucial parameter regarding semiconductor photoactiv-

ity. While low dopant concentrations do not sufficiently increase the donor density, over-doping

introduces localized impurity states that act as recombination centers within the semiconduc-

tor band gap, decreasing the photoresponse [30]. Therefore, an optimum doping concentration

for each material and applied dopant should be found in order to effectively enhance the PEC

activity of hematite photoanodes [30, 76, 93, 94, 98, 99].

Hematite has been doped with diverse elements, such as B [89], Co [93, 100], Cr [90], Ge

[84], Mn [94, 95], Ni [101], Ru [102], Sn [91], Ti [103–107] and Zr [83] to form a heavily n-type

semiconductor with increased donor density and higher conductivity. Additionally, a p-type

semiconductor can be formed by doping hematite with Cu [76] or Zn [99, 108]. In this case, the

conductivity rises due to an increase in the acceptor density (related to holes/vacancies). Fig-

ure 1.13 presents a table representing the studies employed with these doping elements found

in the literature.

Tin doping of hematite nanorods (NRs) was reported by Ling et al. through a two-step

annealing approach without using any external reagent [91]. The first annealing ensured the

transformation of the akagenite phase (β-FeOOH) into hematite (α-Fe2O3), whereas a second

annealing step with temperatures above 750 °C promoted the Sn diffusion from the fluorine-

doped tin oxide (FTO - F:SnO2) conductive substrate. A photocurrent density improvement

from 0.035 to 1.24 mA·cm−2 at 1.23 V RHE was associated with the tin doping from the sec-

ond annealing stage. Quitério et al. corroborated the Sn diffusion upon thermal annealing

by Rutherford Backscattering Spectrometry (RBS) measurements that showed an in-depth per-

cent Sn profile ca. 10 times higher than the sample with only the first stage, displaying higher

photocurrent and lower onset potential [29].

Another approach to dope photoanodes consists on introducing a reagent with the dopant

element precursor into the chemical solution of the hydrothermal method. This simple method
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allows to effectively dope metal oxide films with any existing element. For instance, Gurudayal

et al. [94] and Huang et al. [95] used MnCl2·4H2O as the Mn2+ precursor to dope hematite

nanorods. Both works reported PEC enhances, with Gurudayal et al. attaining a photocurrent

of 1.40 mA·cm−2 at 1.23 V RHE for 5 % Mn doping, while 7 % Mn doping sample achieved 1.60

mA·cm−2 at 1.23 V RHE in the case of Huang et al.. In terms of the onset potential, Huang et al.

did not report any significant change upon Mn doping, whereas Gurudayal et al. attained a 30

mV cathodic shift with their 5 % Mn-doped sample. Nevertheless, the onset potential values

remained high (V onset ∼ 0.8 - 0.9 V RHE) when compared with the ideal hematite photoanode

(V onset ∼ 0.4 V RHE).

Moreover, Xi et al. [93] synthesized Co-doped hematite nanorods by adding a 5 % doping

concentration of Co(NO3)2 to the mixture solution of the hydrothermal stage. The photoan-

ode surface became rougher, increasing the surface area, which led to improvements in the

charge separation and transport to the semiconductor/electrolyte interface. All of these com-

bined contributed to an improvement in photocurrent density from 0.72 (untreated hematite

sample) to 1.20 mA·cm−2 at 1.23 V RHE, and an onset potential shift of around 40 mV to lower

potentials.

Another dopant worth discussing is Ti, as proved by the number of studies involving Ti-

doped hematite photoanodes [98, 103–107, 109–112]. Deng et al.[109] reported the highest pho-

tocurrent density obtained so far for Ti-doped α-Fe2O3 nanorods synthesised by hydrothermal

method. The Ti doping promoted urchin-like nanostructures on top of nanorod arrays which

increased the effective surface area, reduced the electron-hole recombination and increased the

donor density, leading to a j of 1.91 mA·cm−2 at 1.23 V RHE. Likewise, Wu et al. [112] observed

a decrease in the feature size of the nanorods as Ti was introduced in the hematite structure,

increasing j by 2.2 times compared with the undoped hematite. A novel strategy introduced by

Yang et al. [103] led to the successful synthesis of Ti-doped hematite NRs through a two-step

hydrothermal method. A short first hydrothermal stage without the dopant formed an undoped

underlayer, which ensured homogeneity and low defect density at the interfaces, reducing the

recombination centers in the electrode. Afterwards, the Ti dopant was introduced for a second

stage to dope hematite NRs. This photoanode design reached a photocurrent density of 1.37

mA·cm−2 at 1.23 V RHE and an onset potential of 0.84 V RHE, with remarkable improvements

against a comparative hematite film prepared by spray pyrolysis.

Taking everything into consideration, a straightforward hydrothermal synthesis method has

not yet been consensually agreed upon across the scientific community. Although the reagent



24 NANOSTRUCTURED OXIDE SEMICONDUCTORS FOR PHOTOELECTROCHEMICAL CELLS

Fe2O3·6H2O is established as the Fe3+ precursor, the oxidation agent keeps changing between

sodium nitrate and urea from one study to another. Moreover, the parameters of the hydrother-

mal method, such as temperature and time, differ not only from the oxidation agent and doping

element used but also across the same doping element. To exemplify, while Deng et al. [109]

reported the synthesis of Ti-doped hematite NRs with a hydrothermal stage at 95 °C for 4 h, Fu

et al. [98] needed a higher temperature and longer time stage (100 °C for 10 h) to accomplish it.

In this work, we performed a comparative study of the oxidation agent between sodium ni-

trate (NaNO3) and urea (CH4N2O) to finally allow a direct comparison of the morphological,

structural, optical and photoelectrochemical impacts of these two reagents. The hydrothermal

method with each oxidation agent was then coupled with a study of the dopant concentration

for the Mn, Co and Ti elements, adjusting the doping range in accordance with the respective

literature. With this work, we were able to determine the impact of the oxidation agents while

making use of the improved charge collection given by the nanowires morphology (nanostruc-

turing), the reduction of recombination centers in the photoanode achieved by the undoped

hematite underlayer (surface/interface modifications) and the electric conductivity enhance-

ment by the Mn, Co and Ti dopants introduced in the hematite structure (elemental doping).
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Chapter 2

Experimental and Characterization

Techniques

This chapter presents the detailed synthesis methods description and characterization tech-

niques of the photoanodes fabricated in this thesis. An overview of the materials and growth

processes underlying the photoelectrodes fabrication is taken, followed by a brief description of

the different characterization techniques used: morphological, structural, photoelectrochemi-

cal, and optical characterizations.

2.1 Materials and Synthesis Methods

This section presents the materials and methods used to obtain the desired photoanodes under

different fabrication conditions. Each step of the synthesis process will be carefully described:

from the description of the materials’ growth under the hydrothermal method and thermal an-

nealing to the specific application in the fabrication of hematite and tungsten trioxide photoan-

odes.

Previously to experimental procedures, the safety data sheets of chemical reagents were

consulted to evaluate all the risks and to be aware of the necessary individual safety equip-

ment, such as goggles, lab coat, gloves or masks. For instance, an FFP3 mask was used to weigh

the powder reagents, whereas a gas mask (double filter A1B1E1K1P3) was used for liquid/sol-

vent reagents. Individual protection (lab coat and gloves) was always used during all laboratory

experiments. Furthermore, all chemical procedures were manipulated inside an hotte bench,

ensuring that all experiments are performed under safe conditions.

27
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2.1.1 Materials

Chemicals employed in the experimental work were used as purchased without further purifi-

cation. Deionized water (99.9 µS/cm) was used for cleaning purposes, while Ultra-Pure water

(5.8 MΩ·cm) to prepare solutions. Both types of water were obtained from a Direct-Pure UP

Ultrapure & RO Lab Water System from Rephile.

All the materials and chemical reagents are presented according to their purposes, with the

chemical formula (when applied), name of the material/reagent, supplier company and purifi-

cation percentage (when applied) as follows:

• Substrates:

SnO2, Fluorine-doped tin oxide coated glass substrates (FTO) - Solaronix, Switzerland, 7

Ω square−1, 2.2 mm thick;

SnO2, Fluorine-doped tin oxide coated glass substrates (FTO) - Solaronix, Switzerland, 10

Ω square−1, 1.0 mm thick.

• Substrate cleaning:

CH3COCH3, Acetone - Labsolve, 99.7 % Vol.;

C2H6O, Ethanol - JMGS - 99 % Vol;

KOH, Potassium Hydroxide Pellets - Panreac, 85 %;

Detergent - Derquim, 5-10 %.

• Hydrothermal method:

FeCl3·6H2O, Iron (III) chloride hexahydrate - Acros Organics, 99+ %;

NaNO3, Sodium Nitrate BioXtra - Sigma Aldrich, 99 %;

HCl, Hydrochloric acid - Fisher Scientific, 37 %;

CH4N2O, Urea - Alfa Aesar;

Na2WO4·2H2O, Sodium tungstate dihydrate - Acros Organics, 99+ %;

(NH4)2C2O4, Ammonium oxalate - Chem-Lab.

• Doping:

MnCl2·6H2O, Manganese (II) chloride hexahydrate - Riedel-de Han, 97 %;

Co(NO3)2·6H2O, Cobalt (II) nitrate hexahydrate - Alfa Aesar 99.999 %;

SnCl4·5H2O, Tin (IV) chloride pentahydrate - Sigma Aldrich, 98 %;

C6H18N2O8Ti, Dihydroxybis (ammonium lactato) titanium (IV), 50 % w/w aq. sol.
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• Electrolyte (for PEC measures):

NaOH, Sodium Hydroxide - Chem-Lab, 1 M;

Na2SO4, Sodium sulfate - Acros organics, 0.5 M.

2.1.2 Synthesis Methods

This section describes the synthesis techniques employed for developing the different photoan-

odes. Firstly, we clarify the cleaning process and preparation of the substrates for the subse-

quent photoanode depositions. Secondly, the hydrothermal method and thermal annealing

treatment are explained, following the specific application in the fabrication of hematite and

tungsten trioxide photoanodes. Last but not least, the electrodeposition setup is described as

part of the metallic co-catalyst depositions of the ongoing work

Previously to any deposition, all conductive substrates of fluorine-doped tin oxide (FTO -

F:SnO2) were cleaned based on an adapted sequential cleaning method reported by Francisco

et al. [113]. FTO pieces (∼ 1.2 x 2.5 cm2) were carefully rubbed with acetone and detergent, fol-

lowing a sequence of ultrasonic baths with detergent (10 min), ethanol (10 min), detergent (10

min), ethanol (10 min), solution of 2 M KOH in ethanol 70 % (20 min) and deionized water (10

min). In more detail, acetone removes major contaminations, like the acetate ink used to mark

the substrates; then, detergent removes grease and dirt, followed by ethanol which removes the

detergent and organic waste. The KOH solution erodes the FTO surface, making it smoother for

the photoanodes nanostructure to grow.

After cleaning, the substrates were placed on top of laboratory paper in a vertical position,

supported and covered by a small beaker and a dome of glass (also cleaned and dried), respec-

tively, to avoid dust contamination from the air. Then, a small area of the FTO surface (∼ 1.2

x 0.75 cm2) was covered with Kapton® tape in order to allow an electrical contact for electro-

chemical measurements, i.e. the non-deposited area establish a connection to an external cir-

cuit in which the photogenerated electrons in the photoanode that were collected by the FTO

substrate can transfer to the external electric circuit.

Since different photoanodes and groups of samples require distinct reagents and concen-

trations, as for the case of elemental doping, this section introduces a general description of the

synthesis methods, with specific details about the processes being present in the "Experimental

Details" sections of Chapters 3 to 5.
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FIGURE 2.1: Teflon recipient and the stainless-steel autoclave used to synthesize the photoan-
odes through hydrothermal method.

2.1.2.1 Hydrothermal method

As observed in Chapter 1, the hydrothermal method is a low-cost, user-friendly and scalable

technique to the formation of diverse nanostructures.

The reaction process involves the combination of soluble precursor metal salts with an ox-

idation agent in an aqueous and/or organic solution inside the autoclave1. The growth of sin-

gle crystals involves the sum of macro- and microprocesses occurring between the interface

boundary of the solution and the crystal. Specifically, the metallic precursor in the solution

(heavier) settles in the lower part of the autoclave. Upon heating, a temperature gradient is cre-

ated along the autoclave, dissolving the metal solute in the hotter zone and transporting the sat-

urated aqueous solution by convection currents to the upper cooler zone, where it is deposited

on the seed crystal.

Acidic solutions (low pH, in the order of 1.5) are generally used to avoid the precipitation

of species (Fe, W or other) in the solution during the procedure, allowing their availability for

the nucleation processes. Particularly in the case of the iron oxyhydroxide phase (β-FeOOH),

the use of a low pH chemical solution with a high ionic strength medium lowered the interfacial

tension between the solution and the crystals being formed, promoting the stabilization in the

akaganeite phase [74, 114].

The chemical solution is placed in a Teflon recipient (inert material) covered by a stainless-

steel autoclave (Figure 2.1), in a heating chamber (Figure 2.2(a)). High pressure and temperature

conditions allow the crystallization and dissolution processes to occur. For safety issues, no

more than 3/4 of the recipient capacity should be filled due to high pressure and temperature

conditions.

1Although the oxidizing agent is not mandatory, it is usually utilized.
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FIGURE 2.2: (a) Hydrothermal heating chamber. (b) Annealing furnace front view, and side
view on (c).

Besides the reagents and concentrations of the chemical solution, the temperature and time

of the hydrothermal stage are essential factors in the synthesis process. These factors were all

taken into account, altering some - the oxidation reagents, dopant concentrations and time

of hydrothermal stage - and maintaining others - Fe3+ precursor and concentration, and tem-

perature of the hydrothermal stage - according to previous works from the IFIMUP laboratory

[29, 115]

2.1.2.2 Thermal Annealing

Thermal annealing is a crucial part of the synthesis process of semiconductors to allow the pho-

toanodes to oxidize. More specifically, this treatment restructures the lattice, eliminates defect-

s/contaminants and promotes the crystallinity of the photoanodes, converting them into stable

phases.

Moreover, when using FTO substrates, a diffusion of Sn4+ ions from the substrates to the

nanostructures can be achieved with certain values of temperature, largely enhancing the pho-

tocurrent density outputs of the undoped photoanodes [29, 45, 91]. According to Ling et al., a

significant Sn doping amount occurs for temperatures above 750 °C [91]. However, FTO sub-

strates suffer thermal degradation for temperatures higher than 800 °C or heating times higher

than 30 min at 800 °C, turning into an insulator, which increases its resistance, disrupting the

sample performance [45, 116]. Following the study already conducted in our laboratory [29],

the diffusion of Sn4+ ions was achieved by a second annealing stage of 800 °C for 20 min, with

the TCO 10-10, as it maintains the FTO properties while taking advantage of the Sn diffusion.
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FIGURE 2.3: Synthesis methods used to prepare the doped hematite nanowires photoanodes.
[Individual schemes adapted from [117]]

The thermal annealing was carried out in the furnace shown in Figure 2.2 (b). The as-

prepared samples from the hydrothermal method were placed inside a quartz tube, covered

by an alumina tube (Figure 2.2 (b) and (c)). The alumina tube avoided heat dissipation, while

the quartz tube prevented contamination.

2.1.3 Hematite Nanowires

As introduced in Chapter 1, two distinct hydrothermal methods were applied in the synthesis

of hematite NWs in order to compare the effect of the oxidation agent.

After cleaning and preparing the FTO substrates as previously described, a chemical solu-

tion was prepared with 0.15 M FeCl3·6H2O (iron (III) chloride hexahydrate, the Fe3+ precursor)

and an oxidation agent. In method A, 1 M NaNO3 (sodium nitrate) was used as the oxidation

agent along with 56 µL HCl (hydrogen chloride) to set the pH to 1.5, whereas in method B only

0.15 M CH4N2O (urea) was needed to prepare hematite NWs. Then, the solution was transferred

to a 25 mL capacity Teflon stainless-steel autoclave (Figure 2.1), where FTO substrates were

placed with the conductive side facing the wall of the autoclave. Afterwards, a first hydrother-

mal stage of 50 min at 95 °C, with the undoped solution was performed to deposit a uniform

undoped β-FeOOH layer, as revealed by Yang et al. and Quitério et al. [29, 103]. This layer acts

as an underlayer as well it prepares the substrate for the formation of the doped β-FeOOH NWs,

suppressing the back-diffusion of electrons from the FTO and improving the crystallinity at the

hematite/FTO interface [103]. After the first stage, the dopant1 was introduced for the second

stage of 13 h at 95 °C, where it mixed with the undoped solution, doping the β-FeOOH NWs. In

order to compare bare hematite with the doped samples, bare hematite photoanodes of both

1Dopant reagent and concentrations presented in the "Experimental Details" sections of Chapters 3 to 5.
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FIGURE 2.4: Synthesis method used to prepare the WO3 nanoplates photoanodes. [Individual
schemes adapted from [117]]

methods (A and B) were prepared by keeping the initial undoped solution for the second hy-

drothermal stage. Finally, a thermal annealing treatment at 550 °C for 2 h (10 °C/min ramp) and

800 °C for 20 min (8 °C/min ramp) was conducted on all samples to convert the as-prepared

β-FeOOH phase (yellow sample on Figure 2.3) into the stable hematite phase (red sample on

Figure 2.3). A schematic of the two synthesis methods used to prepare the hematite NWs is

found in Figure 2.3.

2.1.4 Tungsten Trioxide Nanoplates

The WO3 nanoplates were grown on FTO in two steps. Firstly, through a hydrothermal method

previously reported [31], 9 mL of 0.01 M Na2WO4·2H2O (sodium tungstate dihydrate) was dis-

solved in Ultra-Pure water under constant stirring at room temperature. Then, 3 mL HCl was

added drop by drop, forming a yellowish precipitate, followed by 9 mL of 0.0236M (NH4)2C2O4

(di-ammonium oxalate), resulting in a total of 21 mL solution. The solution was then transferred

into a 40 mL capacity Teflon stainless-steel autoclave along with the cleaned FTO substrates

placed with the conductive side facing the wall of the autoclave. The autoclave was sealed and

put in the oven for a hydrothermal stage of 12 h at 90 °C. Secondly, the samples were annealed

in air at 500 °C for 2.5 h, forming the WO3 nanoplates.

2.1.4.1 Electrodeposition

Electrodeposition, a shortcut for electrochemical deposition, is a common and user-friendly

technique for the growth of metallic films on conducting substrates or NWs in templates. The

method uses a three-electrode configuration: the conductive substrate as the working electrode

(WE), platinum (Pt) mesh as the counter electrode (CE) and Ag/AgCl/saturated KCl electrode as
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FIGURE 2.5: Electrodeposition homemade setup.

the reference electrode (RE). A homemade setup was used (Figure 2.5), consisting on an an-

odization cell made from a Teflon container placed on top of the substrates connected with

a copper plate. The cell is filled with an ionic electrolyte containing the metal ionic species to

be deposited. Applying a voltage between the cathode (conducting substrate) and the anode (Pt

mesh), the metallic ions flow to the conducting substrate to electrochemically reduced, growing

the metallic structure on top of the substrate.

The electrodeposition can be performed in three different modes: direct-current (DC) elec-

trodeposition, alternating-current (AC) electrodeposition and pulse electrodeposition (PED). In

this work, only direct-current (DC) electrodeposition was used, i.e. a constant potential was ap-

plied during all the deposition. Electrodepositions were conducted at room temperature, with a

circular deposition shape of 0.5 cm2 diameter. Current density-time (j-t curves) were recorded

and monitored using an electrodeposition program provided by NOVA 2.1.5 Metrohm Autolab

software.

2.2 Characterization Techniques

This section briefly describes the characterization techniques applied to evaluate the perfor-

mance and properties of the developed photoanodes. In specific, the morphological, structural,

photoelectrochemical and optical characterizations.
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2.2.1 Morphological Characterization

2.2.1.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is one of the most versatile techniques for morphology ex-

amination and analysis, also providing chemical composition characterization [118, 119]. Since

Dr. Zworykin [120] (in 1942) first used SEM to examine thick specimens with the emission of

secondary electrons, an enormous development was made in the SEM instruments allowing it

to be applied to a wide variety of samples, from films to nanostructures and crystals [119]. SEM

provides images on nanometer (nm) to micrometer (µm) length scale, with a resolution from a

few millimetres to ∼ 2.5 nm [118].

The basic principle relies on irradiating the surface of a sample with a high-energy electron

beam, set and focused by electrostatic and magnetic lenses, in a high vacuum. This irradiation

emits electrons and photons that, according to their intensity, are used to form SEM images

when all the spots are convoluted. Figure 2.6 represents the different generated signals: sec-

ondary electrons (SE), backscattered electrons (BSE), characteristic x-rays (EDX), continuum x-

rays and other photons of various energies, which allows different imaging modes of scanning

electron microscopy. For instance, BSE derives from elastic scattering, whereas inelastic scat-

tering includes the formation of SE, characteristic x-rays, continuum x-rays and other photons

of various energies. Backscattered electrons result from at least one elastic collision between the

electron emitted by the electron beam and the sample’s atom nucleus (Figure 2.6 (b)). Hence,

samples composed by high atomic number (Z ) elements, more positive charges on nucleus, will

scatter more electrons, producing a higher BSE signal (brighter image). This contrast mecha-

nism allows the recognition of different phases in the sample. BSE escape from the surface on

straight trajectories with an energy higher than 50 eV, coming from deeper beneath the surface

(see Figure 2.6 (a)). Therefore, detectors must be place with a large solid angle, causing a low

lateral resolution (1.0 µm), but a larger volume of information [119, 121].

On the other hand, SE are low-energy electrons (below 50 eV), which are easily collected by

a positively biased collector grid on the side of the sample. They result from the collisions of

the primary electron-beam with the surface atoms from the sample (few nanometers from the

surface), reaching a resolution of 1-10 nm [121]. Since the SE yield depends on the tilt angle of a

surface element, an topographical contrast effect is created, which enable the collection of high

resolution 2D images of the sample’s topography, making this mode the most widely used.
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FIGURE 2.6: Schemes of (a) signals emitted from the interaction between the electron beam
and the sample [Adapted from [122]], (b) SE, BSE and Auger electron interaction with atoms

from the sample. [123].

FIGURE 2.7: Scanning Electron Microscope, FEI Quanta 400FEG Field Emission, at CEMUP.

In this work, SEM was performed using a FEI Quanta 400FEG Field Emission, at Materials

Centre of the University of Porto (CEMUP) – Figure 2.7. Since the samples measured were semi-

conductors, a carbon tape was used to establish an electric discharge path, reducing the charge

accumulation on the surface that would disrupt the acquired images. Images were taken from

top view to determine the diameter of the NWs, and at cross-section to obtain the thickness of

the photoanode deposited. These values were measure using the free software ImageJ.

2.2.2 Structural Characterization

2.2.2.1 X-Ray Diffraction (XRD)

X-ray diffraction is one of the most powerful techniques for determining the crystal structure

of a material. From the crystal structure, it is possible to identify chemical compounds, lattice



Chapter 2: EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES 37

FIGURE 2.8: Bragg diffraction by crystal planes [From [124], adapted from [126]].

parameters and preferential directions, as well as the crystallite sizes and residual stress of a

sample [124].

The principle behind XRD is that the incident of x-ray beams on a crystalline solid will be

diffracted by the crystallographic planes of the solid, interfering with other diffracted beams,

constructively or destructively. Constructively interference, i.e. waves that are ’in phase’, will

origin diffracted beams in specific angles (see Figure 2.8), θ, according to solid’s lattice planes

distance, d , as described by Bragg’s law [125]:

nλ= 2d sinθ (2.1)

In this work, a Rigaku SmartLab diffractometer (Figure 2.9) was used to record the diffrac-

tograms, with Cu Kα radiation (λ = 1.540593 Å) and an anode x-ray tube operated at 45 kV and

200 mA. A Ni filter was used to remove the Kβ radiation. Measurements were performed in

parallel-beam (PB), 2θ mode with grazing incidence (PBGI) angles, adjusting the grazing inci-

dent angle to reduce the FTO signal compared to our samples signal (Figure 2.10). For this,

values of 0.02 - 0.4° were used.

Long acquisition time scans were performed, in order to obtain enough statistic to individ-

ually fit the sample’s peaks to Pseudo-Voigt functions. This allowed to conduct a peak boarding

analysis, from which the crystallite size (DXRD) and microstrain (ε) were estimated, using the

Williamson-Hall relationship [127]:

w = wsize +wstrain = kλ

DXRD cosθ
+4ε tanθ, (2.2)

where w is the full width at half-maximum (FWHM), θ the diffraction angle, k the Scherrer

constant (0.94) and and λ the incident X-ray wavelength (1.540593 Å). It is important to notice

that since Williamson-Hall method is established for powders and it is being used on nanos-

tructured films, the absolute values obtained should not be considered too seriously. However,
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FIGURE 2.9: Rigaku SmartLab Diffractometer, at IFIMUP. (a) General view. (b) Detailed view
of the main components: [1] x-ray tube generator and PB mode definition, [2] sample and
sample holder, [3] Kβ filter and detector arm. The 2θ scan by the detector arm is illustrated by

the arrow.

FIGURE 2.10: (a) Scheme of parallel beam mode with grazing incidence applied on hematite
NWs deposited on FTO substrate. (b) It is possible to see the increase of the (110) hematite
peak and reduction of the (200) FTO peak, as the grazing incidence angle decreases. [Adapted

from [26]]

direct comparisons between samples were valid and enabled a further understanding of the

impact that both synthesis process and dopants had on hematite NWs structure.

2.2.2.2 Rutherford Backscattering Spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) is a widely used technique to study the in-depth

profile of samples, allowing to determine the composition and element distribution within the

sample [128]. Additionally, the thickness of the sample can be determined by knowing the ma-

terials density and energy straggling [129].

Based on Rutherford scattering principles and Geiger and Marsden experiments [130], RBS

uses high energy with low mass particles positively charged (like H+ or 4He+), to bombard a
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FIGURE 2.11: Rutherford Backscattering Spectrometry of a solid composed by elements of
mass A and B, given that MA > MB . It is possible to see that element A has a higher backscat-
tered energy than B, as A is heavier. Since both elements are at the surface, their peaks appear
exactly at K AE0 and KB E0. If the element B was deeper below the surface, its peak will be shifted
to an energy below its edge, due to the energy loss in the outer layer A. The length of the peak
represents the thickness of the element’s presence in the sample. In this case, both elements A
and B are equally distributed in the sample, meaning their peak width is the same. [From [128]]

sample, in high vacuum, counting and measuring the energy of the particles elastically backscat-

tered by the sample’s nucleus. Hence, RBS has a great sensitivity to the detection of heavy ele-

ments (higher Z ⇒ more positive charges ⇒ more scattering), see Figure 2.11.

Since the collisions are elastic, energy and momentum are conserved, allowing to define a

kinematic factor, K , defined by equation (2.3), which represents the ratio between the particle

energy after the elastic collision and before the collision [131].

K = E1

E0
=

[(
M 2

2 −M 2
1 sin2θ

)1/2 +M1 cosθ

M1 +M2

]2

(2.3)

Where E0 and E1 represent the particle energies before and after the collision, respectively;

M1 and M2 are the incident particle mass and sample’s atom mass, respectively; and θ is the

scattering angle. Knowing these kinematics, it is possible to obtain information about the mass

of the scattering center, the elements depth and the thickness of the sample [132].

RBS measurements of selected samples were performed in Campus Técnologico e Nuclear

(CTN) from Instituto Superior Técnico (IST), in Lisbon. Dr. Sérgio Magalhães helped and guided

the measurements and subsequent analysis, in a collaboration between IFIMUP and CTN-IST.

The setup consisted on a Van de Graaff accelerator ([1] on Figure 2.12) to produce the 2.0

MeV 4He+ (α) particles beam. The beam was directed to the respective RBS line, by a controlled
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FIGURE 2.12: Rutherford Backscattering Spectrometry apparatus at CTN-IST on top. Scheme
of the main components and beam line at lower left.

magnetic field generated through a coil ([5] on Figure 2.12), adjusting it for the measured cur-

rents on the slits ([11] on Figure 2.12) to be similar. An automatic stabilization system was used

to make sure the slits currents remained the same. A pair of collimators ([12] on Figure 2.12)

collimated the beam before it entered the chamber to hit the sample. Samples were placed

on a manual goniometer, with two two monitorable axes, allowing spectra to be taken at two

different angles (θ = 5, 30°) for more accurate data analysis. The backscattered particles were

collected at +165, -140, and -165 ° (detectors RBS1, RBS2 and ERD, respectively) using silicon

p-i-n diode detectors.

All along the measurements, high vacuum (lower than 10−5 mbar) was maintained by a tur-

bomolecular pump ([15] on Figure 2.12), backup up by a rotary pump of two stages ([8] on Fig-

ure 2.12), in order to minimize the spread of the beam and sample backscattered particles due

to collision with air molecules. The target was positively polarized to minimize the secondary

electron emissions by the sample, reducing target current oscillations. Since the samples are

semiconductors, no special attention was needed on the beam intensity, to avoid accumulation

of charges at the surface of the sample. Regarding the analysis, simulations and fitting with NDF

code [133, 134] were performed by Dr. Sérgio Magalhães.
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2.2.3 Performance Characterization

2.2.3.1 Photoelectrochemical Measures (j-V curves)

The photocurrent density-voltage (j-V ) curves is one of the most, if not the most important tech-

nique for the performance characterization on photoanodes for PEC cells, as the photocurrent

is proportional to the hydrogen produced [135]. A linear sweep voltammetry in the potentiostat

mode is performed, by reading the current produced as a sweep across the potential is done.

The j-V curves were performed on all the photoanodes produced on this work. Measures

under dark and 1 sun simulated sunlight – calibrated with a c-Si photodiode ([3] on Figure 2.13)

– (100 mW·cm2, AM 1.5 G) were taken, using a class B solar simulator with a 150 W Xe lamp

from Oriel, Newport ([2] on Figure 2.13) at Laboratory for Process Engineering, Environment,

Biotechnology and Energy (LEBAPE), Porto. A three-electrode configuration was used: Ag/Ag-

Cl/saturated KCl electrode as the reference electrode (RE), a platinum (Pt) wire as the counter-

electrode (CE), and the produced photoanode as the working electrode (WE) – Figure 2.13 lower

left. The electrodes were placed inside a cappuccino PEC cell ([4] on Figure 2.13) [136], filled

with 1.0 M NaOH (pH = 13.6) electrolyte solution for hematite photoanodes and 0.5 M Na2SO4

(pH = 7.2) for tungsten trioxide photoanodes. The illuminated surface area was 0.528 cm2. Data

were recorded with a ZENNIUM (Zahner Elektrik, Germany) workstation in potentiostat mode

([5] on Figure 2.13), together with Thales software for data acquisition ([6] on Figure 2.13). A

scan rate of 10 mV/s for the potential range between 0.6 V RHE to 1.8 V RHE.

Since an Ag/AgCl/saturated KCl electrode was used as RE, the measured potentials were

converted to the reversible hydrogen electrode (RHE), according to the Nernst equation:

E RHE = E Ag/AgCl +0.059 ·pH+E 0
Ag/AgCl, (2.4)

where E RHE is the converted potential vs. RHE, E Ag/AgCl is the potential measured experimen-

tally against the reference Ag/AgCl electrode and E 0
Ag/AgCl = 0.1976 V at 25 °C.

The j-V curves were measured under front-illumination since it results in higher photocur-

rent than back-side illumination, as it can be seen in Figure A.1 at Appendix A. Since the ma-

jority carriers (electrons) have less transport limitations within hematite photoelectrodes than

the minority carriers (holes), the transport of photogenerated electrons from hematite illumi-

nated side through FTO direction is easier than the contrary trajectory holes (which have a short

diffusion length of 2 - 4 nm) have to travel when the photoanode is illuminated from the back

[26].
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FIGURE 2.13: Electrochemical characterization setup at LEBAPE on top. Zoom on [4], showing
the "cappuccino" cell and the three-electrodes at lower left.

One of the main results to take from these curves is the photocurrent density (j) at 1.45

V RHE, which serves as a standard measure to evaluate the efficiency of the photoanodes, since

j is proportional to the H2 produced. The onset potential (V onset) marks the minimum poten-

tial needed to begin the redox reactions. Therefore, a high j at 1.45 V RHE indicates that a high

volume of H2 is produced, while a low V onset means a low bias potential is needed to start pro-

ducing H2. A careful analysis must be done when comparing results, both of j and V onset, as this

values are dependent of experimental conditions that normally vary from work to work, or are

omitted in the reports. For instance, the illumination area highly impacts the j result, as lower

area achieve higher currents due to the defects of the active structure. Additionally, the irradi-

ance intensity (standard value: 100 mW·cm2), absence of ultraviolet (UV) or residual reactions

occurring in the electrolyte filter may overvalue the photoanode performance.

2.2.3.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an excellent method to study the charge trans-

fer reactions occurring at the semiconductor/electrolyte interface, as the transport in the bulk
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semiconductor. The operation of a PEC cell consists on a number of individual processes. Since

most of them proceed at different rates, it is possible to separate them, according to the fre-

quency at which they are occurring [136, 137].

EIS technique is an user-friendly technique, which consists on applying a small potential

sinusoidal perturbation to the system, recording the amplitude and phase shift of the resulting

current response, with an electrochemical station. However, it is very sensitivity, as it as the

ability to provide information about the structure of the electrical double layer at the semicon-

ductor/electrolyte interface and the charge transport processes occurring in the semiconductor

and in the electrolyte [138]. A careful analysis must be done, considering other characterization

info, like the nanostructure, thickness of sample and photocurrent density-voltage behavior, in

order to achieve meaningful results.

The EIS measurements were performed under dark conditions, to promote charge accumu-

lation, allowing a better study of the semiconductor/electrolyte interface. A similar setup as

j-V curves was used (Figure 2.13), using the smaller sample holder of the cappuccino PEC cell

with an opening area of 0.283 cm2 (surface area of contact between the photoanode and the

electrolyte). The three-electrode configuration was used, with a Ag/AgCl/saturated KCl elec-

trode as the reference electrode, a platinum wire as the counter-electrode and the WO3 NPs

photoelectrodes as the working electrode, all immersed in a 0.5 M Na2SO4 electrolyte solution

(pH = 7.2). Applying a small potential sinusoidal perturbation to the system, the amplitude and

the phase shift of the resulting current response was recorded, using an electrochemical sta-

tion (ZENNIUM workstation). The EIS spectra were collected at room temperature, between

0.6 V RHE to 2.15 V RHE, with steps of 0.05 V RHE; in the frequency range of 0.1 Hz 100 kHz, and

with a perturbation signal of 10 mV amplitude. The impedance data were fitted using the equiv-

alent electrical model presented in Figure 6.5 at Chapter 6, using the ZView software (Scribner

Associates Inc., USA).

2.2.4 Optical Characterization

2.2.4.1 UV-Vis Spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy measures the optical properties of a material, in terms

of light reflection efficiency (reflectance, R) and light transmission efficiency (transmittance, T ),

in the range of 200 nm to 700 nm. From this, the light absorption efficiency (absorbance, A) can

then be calculated from:

A (%) = 100−R −T (2.5)
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FIGURE 2.14: Ultraviolet-Visible spectroscopy (a) setup at LEBAPE; (b) system scheme.
[Adapted from [139]]

Reflectance and transmittance data were collected using an UV-vis-NIR spectrophotometer

from Shimadzu Scientific Instruments Inc., model UV-3600, Kyoto (Figure 2.14), at LEBAPE,

Porto. FTO spectra were also collected, to subtract the FTO contribution on sample measures.

Combining the absorption spectra obtained by the UV-Vis spectroscopy, with the thickness

of the samples determined by the SEM cross-section images, it is possible to assess the optical

band gap of the photoanodes semiconductor, through Tauc plots [140]:

(αhv) = B(hv −EG )n , (2.6)

where α the absorption coefficient factor (α= 2.303 · A/L, L is the thickness of photoanode), hv

is the incident photon energy (in eV), EG the optical band gap energy (in eV) and B and n are

constants dependent on the electronic transition; being n = 2 for direct and n = 1/2 for indirect

allowed transitions [43, 115].



Chapter 3

Unveiling the Oxidation Agent Effect on

Bare and Manganese-doped Hematite

Nanowires

3.1 Overview

Manganese (Mn) is a suitable dopant for hematite because of the iron-like atomic radius, which

substantially avoids distortion of hematite crystal structure [94]. Additionally, based on the sim-

ilar ionic radius to Fe, Mn doping has been reported to create fewer interface states as it is better

accommodated in the hematite lattice, therefore increasing the reactivity towards the reduction

of oxygen [141].

As a matter of fact, Mn-doped hematite material arises as an attractive photocatalyst due to

this findings. As demonstrated by Cha et al. in their synthesis of Mn-doped hematite nanocrys-

tals obtained by a hydrothermal method, for the degradation of methyl orange (MO) dye molecule

[142]. Recently, Ramprasath et al. prepared 3D flower-like nanostructures by a polyolassisted

hydrothermal process to photocatalytically degrade methylene blue (MB) dye solution [143].

Both studies found that Mn extended the interplanar space of the hematite structure and low-

ered the recombination rate of photogenerated electron-hole pairs, ultimately resulting in higher

photocatalytic activity.

Moreover, Varshney et al. analysed the manganese influence in Mn-doped hematite (α-

Fe2−x Mnx O3) in terms of structural and transport properties [144]. At room temperature, the

resistivity decreased from ca. 5.4 Ω-cm to ca. 800 Ω-cm with a Mn composition of x = 0.1.

45
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Thereby, it was concluded that Mn doping increased the conductivity of hematite, even for small

amounts of doping (x = 0.01, 0.10 and 0.50).

For PEC applications, although several dopants (e.g. Ti and Sn) has been highly imple-

mented in hematite nanowires (NWs) via hydrothermal method, few works have been reported

concerning Mn doping. Gurudayal and co-authors were the first to apply Mn-doped photoan-

odes for PEC cells applications [94]. Through a hydrothermal method based on urea as the

oxidation agent, the authors synthesized hematite nanorods with a Mn doping concentration

between 1 – 10 %, achieving the optimum PEC performance for a 5 % doping concentration.

Even though a photocurrent density (j) of 1.40 mA·cm−2 at 1.23 V RHE was achieved, the authors

reported a faradaic efficiency1 of 70.03 %. This reveals that the actual amount of O2 evolved was

inferior to the expected (i.e. the j value has a contribution from residual reactions apart from

the OER and HER). The same photoanode also presented a cathodic shift of 30 mV in the onset

potential (V onset) compared with undoped hematite (∼ 0.9 V RHE). On the other hand, when

other studied of the Mn concentration on hematite NWs (also obtained by hydrothermal route)

were carried out, no improvement of the V onset was found [95]. Though, higher j (1.60 mA·cm−2

at 1.23 V RHE) was attained for a 7 % Mn-doped concentration, associated with an increase in

the donor density and enhanced charge separation efficiency. However, the calculated faradaic

efficiency was only 65 %.

Table 3.1 summarises the obtained results concerning j and V onset reported in the litera-

ture. However, the presented faradaic efficiencies allow the determination of rectified values

of j, calculated by multiplying the presented j values by the reported faradaic efficiency. This

effective j traces the approximately same j for both studies (∼ 1 mA·cm−2 at 1.23 V RHE). Addi-

tionally, other factors, such as the lower illumination areas (or even not reported), enhance the

difficulty of comparing the PEC results in the literature. In spite of an improvement in photocur-

rent density, mainly attributed to an increase in donor density and enhanced charge separation

efficiency, appear to be established for Mn doping of α-Fe2O3 nanorods, the onset potentials

remain unduly anodic compared to the ideal hematite photoanode (V onset ∼ 0.4 V). Reported

onset potentials remain at ca. 0.8 – 0.9 V RHE, still requiring excessive energy to begin hydrogen

production.

Typically, sodium nitrate (NaNO3) is extensively used as the oxidation agent in the hydrother-

mal synthesis of undoped (bare hematite) [29] and doped hematite with several elements (like B

[89], Co [100], Cr [90], Ti [109], Zr [83], etc.). Though, to the best of our knowledge, no reports of

1The faradaic efficiency is defined as the ratio of the experimentally detected amount of an objective gas (e.g.
O2) and the amount of theoretically generated gas.
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Reference Mn doping
concen-

tration [%]

j at 1.23 V RHE

[mA·cm−2]
Vonset

[V RHE]
Vonset

shift [mV]

Gurudayal et al.
[94]

5 1.40 ∼ 0.90 30

Huang et al. [95] 7 1.60 ∼ 0.80 —

TABLE 3.1: Photoelectrochemical performance features, j and V onset, of Mn-doped hematite
nanorods (NWs) studies from literature.

using NaNO3 as the oxidation agent for the implementation of Mn-doped hematite NWs have

been found.

In this chapter, a systematic and multifaceted study of Mn doping in hematite nanowires is

presented, combining the variation of two parameters: (i) the oxidation agent of the hydrother-

mal solution and (ii) the concentration of the Mn dopant. The oxidation agent used to oxidize

to Fe3+ precursor in the hydrothermal treatment was tested with NaNO3 (method A) and urea

(method B). Secondly, the doping concentration of Mn was tested for 1, 7 and 13 %, according

to the doping range from literature studies [94, 95]. Furthermore, the impact of these synthesis

parameters on the PEC performance was correlated with morphological, structural and optical

characterization.

3.2 Experimental Details

Mn-doped hematite photoanodes were prepared by a hydrothermal method (Subsection 2.1.3

of Chapter 2). The FTO glass substrates were cleaned by the methodology described in Subsec-

tion 2.1.2 and placed in a 25 mL stainless-steel autoclave filled with a 20 mL chemical solution

made according to two approaches: method A – 0.15 M FeCl3·6H2O + 1 M NaNO3 (oxidation

agent) + 56 µL HCl; method B – 0.15 M FeCl3·6H2O + 0.15 M CH4N2O (oxidation agent).

Afterwards, a first hydrothermal stage of 50 min at 95 °C with the undoped solution was

performed to deposit a uniform undoped β-FeOOH layer (Subsection 2.1.3). Then, the amount

of MnCl2·6H2O (1, 7, 13 % in relation to the Fe3+ concentration) was added to the solution for

the second stage of 13 h at 95 °C, merging with the undoped solution to dope the β-FeOOH NWs

with Mn2+. This 2nd stage was performed on both methods (A and B). In order to compare bare

hematite with the doped samples, bare hematite photoanodes of both methods (A and B) were

prepared by keeping the initial undoped solution for the second hydrothermal stage. Finally, a

thermal annealing treatment at 550 °C for 2 h (10 °C/min ramp) and 800 °C for 20 min (8 °C/min
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Synthesis Method

Method A – NaNO3 Method B – Urea

Doping
Concentration
[%]

0 0

1 1

7 7

13 13

TABLE 3.2: Mn-doped and bare hematite photoanodes prepared.

ramp) was conducted on all samples to convert the as-prepared β-FeOOH phase into the stable

hematite phase (Subsection 2.1.3) [29]. The two groups of samples are summarized in Table 3.2.

Summarizing, four samples according to the concentration of Mn dopant (0, 1, 7 and 13

%) were synthesized for both methods A (with NaNO3) and B (with urea) to allow a methodical

analysis of not only the oxidation agents but also the doping concentration impact on hematite

NWs.

3.3 Results and Discussion

3.3.1 Photoelectrochemical response

The photoelectrochemical performance of the hematite NWs photoanodes was assessed by

photocurrent density-voltage (j-V ) curves. Figure 3.1(a) and (b) show the j-V characteristic

curves under dark and simulated sunlight for the two sets of samples (Table 3.2), synthesized

with method A (NaNO3) and method B (urea), as described in the previous section. Dark j-V

curves present negligible currents until a potential higher than ∼ 1.65 V RHE is applied, from

which the oxygen evolution reaction (OER) begins to occur between the FTO substrate/elec-

trolyte interface. By illuminating the photoanode with simulated sunlight, a j sharp increase in

current is obtained at much lower potentials, eventually stabilizing in a plateau photocurrent

density (plateau current) for higher applied potentials.

As discussed in Chapter 2, the plateau current (j at 1.45 V RHE) is proportional to the H2

produced, while the minimum potential needed to begin the OER reaction defines the onset

potential (V onset). Therefore, high j at 1.45 V RHE indicates the production of high volume of H2,

while a low V onset shows a reduced cell dependence on external energy sources. For both sets

of samples, j at 1.45 V RHE and V onset were extracted from j-V curves and plotted against the Mn

doping concentration (Cdopant) (Figure 3.1(c) and (d), respectively).
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FIGURE 3.1: Photocurrent density-voltage characteristic curves of the Mn-doped hematite
nanowires according to the synthesis method: (a) method A with NaNO3 and (b) method B
with urea. (c) j at 1.45 V RHE and (d) V onset for the different synthesis methods as a function of

doping concentration (Cdopant).

Bare hematite photoanodes (without doping - Cdopant = 0 %) synthesized by the two hy-

drothermal methods (A and B) showed that the oxidation agent (NaNO3 or urea) affected dif-

ferently the PEC performance of hematite NWs. Higher j was attained by Method A (j ∼ 0.78

mA·cm−2) compared with method B (j ∼ 0.65 mA·cm−2 at 1.45 V RHE). Although the V onset for

method A is 60 mV higher than for method B, the significant j gain in method A leads to the

usual preferential choice of NaNO3 as the oxidizing agent in the hydrothermal synthesis of bare

hematite NWs [29, 114].

Introducing 1 % of Mn dopant, the j response remained the same as bare hematite (Cdopant

= 0 %). However, increasing the Mn doping concentration to 7 % led to opposite j responses: for

method A, j smoothly decreased to 0.75 mA·cm−2, while for method B, j sharply increased up to

0.89 mA·cm−2 at 1.45 V RHE. Once again, the oxidation agent exhibited a noticeable impact on

the photoanode performance, as opposite j behaviours were observed in the two approaches

considered. Further doping to 13 % was found to decrease the j response, resulting in identical
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j values of 0.71 mA·cm−2 at 1.45 V RHE for both A and B methods.

Generally, method B samples showed lower j values than method B (concluded by the av-

erage j values: j A ∼ 0.76 compared to jB ∼ 0.73 mA·cm−2 at 1.45 V RHE). In detail, method A

(NaNO3) reported similar j values for bare and Mn-doped photoanodes. The maximum j value

of 0.78 mA·cm−2 at 1.45 V RHE for bare and 1 % Mn Cdopant decreased to 0.71 mA·cm−2 with fur-

ther doping amounts (Figure 3.1(c)). On the other hand, method B (urea) presented to be more

sensitive to the Mn presence in hematite NWs (grey line and dots in Figure 3.1(c)). An optimum j

performance of 0.89 mA·cm−2 at 1.45 V RHE was observed for 7 % Mn-doped hematite NWs syn-

thesized by method B (urea), reaching a 37 % increase when compared to the respective bare

hematite.

In terms of the V onset, samples with 1 % Mn doping prepared either with A or B approach led

to lower V onset when compared with the undoped hematite sample (Figure 3.1(d)). Remarkable

cathodic shifts of 70 mV and 60 mV were obtained for methods A and B, respectively. Further

doping increased the V onset to higher values for both schemes. Although the absolute values of

V onset depend on the experimental setup and the method used to determine it [48], it is worth

mentioning that the V onset obtained by the 1 % Mn-doped hematite NWs photoanodes from

method A (∼ 0.67 V RHE) is very close to the ideal hematite photoanode (∼ 0.4 V RHE) [53], espe-

cially when comparing with the ones reported in the literature (∼ 0.8 – 0.9 V RHE) [94, 95].

3.3.2 Morphological Characterization

Scanning electron microscopy (SEM) allowed the observation of the photoanodes’ morpholo-

gies at a micro and nanometer scale. Through SEM images, we were able to study the mor-

phological impact of both strategies, the oxidation agent and the Mn doping concentration, on

hematite NWs.

Figure 3.2 revealed that the nanowires morphology and growth on top of the FTO substrates

was successively achieved for all photoanodes of both sets of samples. Generally, a NWs’ eu-

hedral shape was unveiled due to the fusion between neighbouring NWs due to the second

annealing step at 800 °C [29]. Comparing the morphology of bare hematite (Cdopant = 0 %) pho-

toanodes of both oxidation agents (0 % samples from methods A and B in Figure 3.2), it was

possible to observe that method A (NaNO3) promoted more NWs aggregation than method B

(urea). The NWs aggregation created areas surrounded by void paths (as illustrated by the red

lines in Figure A.2 from Appendix A). While all Mn-doped samples prepared with method A kept

this feature, in method B, only 1 % and 13 % Mn-doped samples presented NWs aggregation,
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FIGURE 3.2: Scanning electron microscopy images of Mn-doped α-Fe2O3 NWs synthesized by
(a) method A with NaNO3 and (b) method B with urea. Inset figures show a closer look at the

photoanodes’ NWs.

even though with a lower degree. The sample with 7 % Mn doping from method B led to uni-

formly dispersed NWs with a better overall distribution. The dispersion of NWs usually leads

to higher penetration of the electrolyte through the semiconductor, which increases the work-

ing surface area of the photoanode, thus enhancing its PEC performance [85, 91, 109]. Indeed,

the sample with the most dispersed NWs, 7 % Mn-doped hematite from method B, led to the

maximum j attained of 0.89 mA·cm−2 at 1.45 V RHE.

Top-section SEM images (Figure 3.2) allowed us to measure the diameter (D) of the NWs for

all the samples. Figure 3.3(a) represents D behaviour as a function of the Mn Cdopant for both

methods A and B. A similar trend was observed for both A and B approaches, in particular, a

general decrease of D occured upon Mn doping. Moreover, in the case of method B, it is worth

mentioning that D vs Cdopant showed a similar behaviour as j vs Cdopant, where broader D led to

the highest j value (7 % Mn doping).

In addition, the NWs thickness (L) in length was determined from the SEM cross-section

images, as illustrated by the inset image in Figure 3.3(b). By altering the oxidation agent in

the hydrothermal synthesis for bare hematite, highly different values of L are obtained. While

for the most widely used and reported oxidation agent for bare hematite (method A – NaNO3)

the measured L was ca. 378 ± 16 nm, for the urea oxidizing agent (method B) twice the thick-

ness was obtained (ca. 684 ± 27 nm). On the contrary to D vs Cdopant behaviour, L vs Cdopant

presented completely different trends for each (A or B) hydrothermal synthesis method (Fig-

ure 3.3(b)). While in method A (NaNO3) adding just 1 % of Mn caused a sharp L decrease (from
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FIGURE 3.3: (a) Diameter (D) and (b) thickness (L) of Mn-doped α-Fe2O3 NWs as a function of
doping concentration (1 – 13 %).

684 ± 27 nm to 341 ± 15 nm), method B (urea) resulted in a smooth increase (from 378 ± 16 nm

to 566 ± 12 nm). Further doping increases (7 % and 13 %) smoothly altered L values in the same

range with the lower L for 7 % Mn-doped of method B.

Mn doping by method B induced photoanodes with smaller L, which makes an easier path-

way for the electrons to reach the conductive substrate, thus reducing the probability of electron-

hole recombination [115, 145]. Indeed, the smallest thickness obtained for 7 % Mn-doped

(method B: L = 265 ± 24 nm) could be the cause of the optimum j exhibited for this sample

(Figure 3.1(c)). Additionally, the larger L (∼ 684 nm) of bare hematite from method B than bare

hematite from method A (∼ 378 nm) led to a j ∼ 0.65 and j ∼ 0.78 mA·cm−2 (1.45 V RHE), respec-

tively. This evinces that thinner thickness leads to best j responses. However, when adding 1 %

doping, neither the sharp decrease in method B nor the smooth increase in method A led to a

variation of j (Figure 3.1(c)). Therefore, it appears that other factors are offsetting the expected

variations in j promoted by the photoanode thickness.

3.3.3 Structural Characterization

X-Ray Diffraction

X-ray Diffraction (XRD) allowed the identification of the crystallographic phase for all fabricated

samples. Using a parallel beam (PB) configuration with grazing incident omega (ω) angles al-

lowed us to isolate the contribution of synthesized material from the FTO substrate signal [26].
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FIGURE 3.4: X-Ray Diffraction patterns of Mn-doped α-Fe2O3 photoanodes synthesized by (a)
method A with NaNO3 and (b) method B with urea.

Figure 3.4(a) and (b) present the diffractograms of the undoped and Mn-doped hematite

photoanodes synthesized by the methods A (NaNO3) and B (urea), respectively. After the hy-

drothermal growth, as-prepared NWs presented a peak with (211) orientation, correspond-

ing to the β-FeOOH phase (JCPDS 34-1266) [103]. Applying the two-stage thermal annealing

treatment, XRD diffractograms proved the synthesis of the thermodynamically stable hematite

phase (JCPDS 33-0664), described as a corundum crystalline structure with hexagonal closed-

packed unit cell. For both sets of samples, the preferential orientation occurred at the plane

(110), contrary to what occurs in hematite thin films [146]. Additionally, smaller peaks from

planes (012), (104), (113), (024), (214) and (300) were also identified. No peaks related to Mn

doping were detected since the doping concentration in the material is lower than the diffrac-

tometer detection limit. Nevertheless, it can be noticed that all Mn-doped samples provoke the

FTO substrate peaks to shift slightly to higher angles (observed in the FTO peak of (200) plane),

except for 7 % Mn-doped samples of method B, which exhibit an opposite shift to lower angles.

The FTO shift to lower angles has been associated with an expansion of the hematite lattice due

to higher Sn4+ diffusion [147]. This implies that Mn doping with 7 % in method B improved the

ability for Sn to enter the hematite NWs structure. However, further structural characterization,

e.g. X-Ray Photoelectron Spectroscopy (XPS) should confirm this hypothesis.

The strong preferential orientation of the [110] axis vertical to the substrate has been shown
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FIGURE 3.5: Pseudo-Voigt fits of XRD (110) and (104) experimental peaks, with the inset graph
showing a higher magnification of peak (104). j and I110/I104 relation as a function of Mn
Cdopant. (a) and (b) correspond to the synthesis with method A, while (c) and (d) correspond to

method B.

to own an anisotropic conductivity with four orders of magnitude higher than the perpendicular

direction [44, 91, 148, 149]. On the other hand, the peak of (104) plane is usually associated

with the existence of oxygen vacancies, which act as electron trapping sites and recombination

centres. Thus, superior values of the intensities ratio between the (110) peak and the (104) peak

(I110/I104) lead to j improvements [147, 148]. In fact, a clear correlation between I110/I104 ratios

and j as a function of the Mn Cdopant of method B is observed (Figure 3.5(b)), where the best j was

attained for 7 % Mn-doped sample. On the other hand, even though 1 % doping showed lower

I110/I104 ratios than bare hematite, their j responses were the same. The higher contribution

of the (104) plane signal on these samples (1 %) might be related to the cathodic shift in V onset

observed in PEC measures, as this plane has been associated with the surface states increase

that trap the photogenerated holes in the hematite/electrolyte interface, making them available

to the water oxidation reaction [147]. Moreover, the non-correlation of the I110/I104 high ratio of
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FIGURE 3.6: Linear fits using the Williamson-Hall relationship for Mn doped samples synthe-
sized by method A (with NaNO3).

13 % Mn-doped sample in method A with an expected high j can arise from an excess of dopant

ions, which was found to increase surface irregularities and form a resistant oxide layer on the

hematite surface, which blocks the hole transport, thus decreasing the PEC performance [147].

In addition, the crystallite size (DXRD) and microstrain (ε) were estimated from diffraction

peak broadening analysis. Firstly, for each sample diffractogram the identified peaks of α-Fe2O3

were individually fitted for all prepared samples with a Pseudo-Voigt function (Equation A.1), as

exemplified in Figure A.5 from Appendix A. Afterwards, DXRD and ε were estimated by rearrang-

ing the Williamson-Hall (W-H) relationship (Equation 2.2).

Plot representation and linear regression of W-H analysis were performed in a home-made

MATLAB code [150] developed by Dr. Sérgio Magalhães from Instituto Superior Técnico (IST),

Lisbon. Figures 3.6 and 3.7 present the w cosθ/λ vs sinθ/λ plots for undoped and Mn-doped

photoanodes prepared using method A (NaNO3) and method B (urea). The linear regression

equation took into account the uncertainties of the fitting parameters (∆w and ∆θ). The hy-

perbolic boundary curves were obtain by a Monte Carlo algorithm, assuming that errors are

Gaussian and centred. The linear fit parameters and respective uncertainties were computed to

a degree of confidence of 95 %. DXRD and ε were determined through the intercept and slope of

the linear fits, respectively (values displayed in Tables 3.3 and 3.4).

Figure 3.8(a) and (b) present the behaviour of DXRD, D and j as a function of the Mn Cdopant,
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Method A - NaNO3

Doping % 0 1 7 13

DXRD [nm] 29.3 ± 2.2 27.2 ± 4.5 25.9 ± 2.7 30.5 ± 2.3

ε [%] 0.04 ± 0.03 0.02 ± 0.07 -0.01 ± 0.05 0.06 ± 0.03

TABLE 3.3: Crystallite size and microstrain of Mn-doped hematite NWs synthesized by method
A.

FIGURE 3.7: Linear fits using the Williamson-Hall relationship for Mn doped samples synthe-
sized by method B (with urea).

Method B - Urea

Doping % 0 1 7 13

DXRD [nm] 32.6 ± 1.8 27.1 ± 1.9 34.1 ± 1.9 29.2 ± 2.0

ε [%] 0.09 ± 0.02 0.01 ± 0.03 0.12 ± 0.02 0.05 ± 0.03

TABLE 3.4: Crystallite size and microstrain of Mn-doped hematite NWs synthesized by method
B.
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FIGURE 3.8: Photocurrent density (j), crystallite size (DXRD) and NWs diameter (D) as a func-
tion of Mn Cdopant for (a) method A with NaNO3 and (b) method B with urea.

for methods A (NaNO3) and B (urea), respectively. Firstly, for method B, DXRD followed a similar

trend as D , while method A shows deviations for 7 % and 13 % samples. In this sense, both

approaches A and B showed the same sharp decrease of DXRD (and D) upon the introduction of

1 % Mn doping, as expected when introducing dopants on the crystalline structure of α-Fe2O3

NWs [26, 90, 143]. However, opposite effects were observed in j for larger crystallites shown

for Cdopant = 7 % in method B (DXRD = 30.5 ± 2.3 nm) and Cdopant = 13 % in method A (DXRD

= 34.1 ± 1.8 nm). While for the latter (13 %) j decreased, the former (7 %) j increased. Besides

agreeing that an increased crystallinity quality (higher DXRD) is a crucial factor for an enhanced

j response, other contributions must be taken into consideration. In this case, the excess of

doping (13 %) can be a limiting factor of the j performance, overcoming the good crystallinity

structure.

Microstrain (ε) is usually correlated with structural lattice disordering, reflected by the lo-

cal strain non-homogeneity due to lattice dislocations/distortions and grain surface relaxation

[29]. Doping hematite can cause the occurrence of these phenomena [115, 151], leading to

an increase of ε. However, when ε < 0.2 % in nanostructures, it can be considered negligible

[29, 115, 152]. For all photoanodes, the ε was obtained in this range, hence not being significant

for physical properties.

Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) provides a detailed understanding of the in-depth

profile of the photoanodes, allowing us to inspect how the doping atoms are distributed in the

lattice matrix.
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The RBS data is collected in channels (dimensionless) to further conversion into energy

units. A calibration curve between the channels and respective energies is obtained by per-

forming RBS measurements of well-known bulk films. In this case, three samples were used: (i)

a film of AlGaN deposited on top of an alumina template – AlGaN/Al2O3-c, (ii) a double layer

film of AlInN/GaN on top of an alumina template – AlInN/GaN/Al2O3-c, and (iii) a double layer

film of GeSn/Sn on top of a silicon substrate – GeSn/Sn/Si.

The three calibration samples measured for each detector are presented in Figure A.6 at Ap-

pendix A. A licensed RBS calibration software from MROX [153] running in a MATLAB GUI was

used to obtain the calibration curves for all detectors. Since only the atomic elements at the

surface are used in the calibration, five atomic elements were used: Ga from sample (i), In and

Al from sample (ii), Ge and Sn from sample (iii). The software uses the incident particle en-

ergy (E0 = 2 MeV), detector backscattering angle (θi = +165, -140, and -165 °for detectors RBS1,

RBS2 and ERD, respectively) and the atomic masses of the chosen elements and the incident

particles (Table A.1 at Appendix A) to determine the backscattering energy (E1) of each element

through Equation 2.3. Then, the calibration curves are obtained by performing a linear fit to the

backscattering energy vs channel plot of the identified atomic elements. Finally, the obtained

calibration curves for each detector (plots and fits in Figure A.7 from Appendix A) are presented

as follows:

• Detector RBS1: E = 2.1474 keV/Channel · Channel +85.8211 keV;

• Detector RBS2: E = 2.0809 keV/Channel · Channel +102.7885 keV;

• Detector ERD: E = 2.1118 keV/Channel · Channel +96.8880 keV;

The calibration curves allow the calculation of the backscattering energy at which a detec-

tor captures an atomic element located at the surface of the sample1. Since our samples are

mainly composed of glass, a conductive film (FTO) and the semiconductor material (hematite

and doping element Mn), the elements to trace are Si, Sn, Fe, O and Mn.

RBS spectrum measure the yield, i.e. backscatter rate, for each channel associated with the

respective energy. When the incident 4He+ (α) particles collide with a certain atomic element,

a barrier appears at the backscattering energy detected. By numerical methods and simula-

tions, the position and length of the barrier can define the distribution and thickness of the

layer associated with the atomic element2. Figure 3.9 (a) shows the experimental RBS data with

1From now on, this will be called surface energy.
2In perspective, the ascent of the barrier being the beginning of the layer and the descent of the tilt the end of

the layer.
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FIGURE 3.9: (a) RBS spectra of FTO substrate at two incident angles (θi = 5 °and 30 °), with
simulation for 5 °incident angle. (b) RBS spectra of undoped hematite samples synthesized by

method A (black) and method B (grey), with respective fits from NDF code.

the simulating curve of the FTO substrate (uniform, compact film), collected with the detector

RBS2 at incidence angles of 5 and 30 °, with the surface energies for the atomic elements O and

Sn that compose the FTO. The sharp rise of the Sn barrier at the Sn surface energy for both inci-

dence angles confirms the Sn presence at the surface, as expected. Through simulations of the

experimental data from the detector RBS2 at θi = 5 °on NDF code [133, 134], the thickness of the

layer containing Sn depicted in Figure 3.9(a) was estimated at ∼ 590 nm, in agreement with the

FTO thickness measured from SEM images (LFTO ∼ 526 ± 22 nm) and literature studies [29].

When depositing a nanostructured film on top of the FTO substrate, RBS spectra is com-

pletely different. Figure 3.9 (b) represents the experimental RBS data and fitting curves of the

undoped hematite samples from method A (NaNO3) and method B (urea), collected with the

detector RBS2 at an incidence angle of 5 °, with the surface energies for the atomic elements O,

Fe and Sn composing the FTO + hematite. Firstly, a second barrier is identified around 1480 keV

for method A and 1380 keV for method B, on top of the Sn barrier of the FTO. This additional bar-

rier is associated with the Fe atomic element, thus, corresponding to the hematite NWs. Even

though it is known that Fe is at the surface, its barrier only appears at much lower energy values,

as a consequence of the energy loss resulting from the voids in the nanostructure, which causes

the barriers to tilt.

The tilt of a barrier can be influenced by four factors: (i) energy resolution of the detector,

(ii) variation of sample composition (different phases), (iii) increase of voids (porosity), which

increases roughness and (iv) doping of hematite NWs (either by in-situ hydrothermal doping

or Sn diffusion). The first hypothesis is discarded since the detector has an energy resolution
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Method A – NaNO3 Method B – Urea

Doping % 0 1 7 0 1 7

Surface Vfraction 0.82 0.85 0.88 0.89 0.86 0.86

In-depth Vfraction 0.50 0.75 0.88 0.89 0.86 0.86

TABLE 3.5: Volume fraction (Vfraction) at the surface layer and in-depth layer of the undoped
and Mn-doped (1 % and 7 %) hematite NWs for both method A and B.

of 10 keV. The second is also discarded, as XRD proved that photoanodes have a single phase

(α-Fe2O3 in photoanode and F:SnO2 on FTO substrate). On the other hand, hypotheses 3 and

4 are valid candidates for tilting the barriers. As discussed in the previous chapters, the two-

step thermal annealing conducted on the photoanodes led to a diffusion of Sn4+ from the FTO

substrate into the hematite NWs [29, 45, 91], which can tilt the ascent of the Sn barrier. However,

the tilt in the descent of the Sn barrier raises two other hypotheses: either the Sn is also diffused

to the glass (which is not confirmed), or voids are present both in hematite and FTO layers. Since

the two contributions could not be discriminated, the undertaken discussion of the Sn barrier

equally involved both contributions, whereas the tilt of the Fe barrier was mainly associated

with the presence of voids in the hematite NWs.

Concerning the number of voids, the slope of the tilt can qualitatively indicate the num-

ber of them, i.e. a high slope indicates the existence of fewer voids. Since method A (NaNO3)

presents a higher slope of both ascent and descent tilts than method B (urea), RBS spectra indi-

cate that method B has more voids (thus higher porosity) than method A, both at the surface and

in-depth of the photoanode. NDF code quantifies the rate of voids by a volume fraction estima-

tion between 0 and 1 (Table 3.5) [133, 134]. NDF fits of experimental data displayed a volume

fraction (Vfraction) of 0.82 for the bare hematite from method A, while method B achieved 0.89.

Furthermore, the volume fraction in method A decreased to 0.5 at the in-depth profile of the

sample, whereas in method B remained unchangeable, suggesting that method B promote uni-

form growth of NWs for the undoped hematite photoanodes. These remarks are in agreement

with what was observed in the morphological characterization in Subsection 3.3.2.

RBS measurements were also performed on 1 % and 7 % Mn-doped samples for both meth-

ods A and B due to the improved V onset and j characteristics reported by those samples. Fig-

ure 3.10 illustrates the experimental RBS data and fitting curves of the bare and Mn-doped (1 %

and 7 %) hematite samples from both methods A (with NaNO3) and B (urea), collected with the

detector RBS2 at an incidence angle of 5 °, with the surface energies for the atomic elements O,

Mn, Fe and Sn composing the FTO + hematite. Mn-doped samples (1 % and 7 %) from method
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FIGURE 3.10: RBS spectra and respective fits of Mn-doped and undoped hematite samples
synthesized with (a) method A (NaNO3) and (b) method B (urea).

A presented a shift in the ascent of the Sn barrier to lower energies when compared to bare

hematite. This is likely due to the fact that Mn doping limits the Sn diffusion from the FTO. Ad-

ditionally, continuous Mn doping until 7 % lower the slopes of the Fe barrier, as shown by the

increase in the volume fraction to 0.88 at the surface and in-depth, promoting uniform poros-

ity along the photoanode. On the other hand, method B showed the opposite behaviour: the

7 % Mn-doped sample introduced a shift in the ascent of the Sn barrier to closer values of the

Sn surface energy, possibly improving the Sn diffusion from the FTO, which increases hematite

conductivity, as indicated by having the highest j of this set of samples. Therefore, it appears

that the oxidizing agent determines whether the optimized doping of 7 % allows Sn diffusion

(in method B) or not (in method A). Moreover, even though higher tilts of the Fe barrier were

attained for 7 % doping in method B, thus presenting a lower porosity, the volume fraction re-

mained the same (at 0.86) in the in-depth profile, offering a uniform NWs distribution, as shown

in the morphological images (see Subsection 3.3.2).

Mn similar atomic mass as Fe associated with the low concentration on the sample made

it impossible to visually distinguish the Mn dopant in the RBS spectra. Nevertheless, initial

NDF fits proved the presence of a small percentage of the Mn atomic element along the α-

Fe2O3 NWs. However, further fits are necessary to provide more accurate percentages and to

determine the in-depth distribution of the Mn dopant.

3.3.4 Optical Characterization

Ultraviolet-Visible (UV-Vis) spectroscopy was performed to analyse the optical characteristic

of all photoanodes. Figure 3.11 presents the absorption spectra of the photoanodes for both
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FIGURE 3.11: Absorption spectra of the undoped and Mn-doped α-Fe2O3 NWs synthesized by
(a) method A with NaNO3 and (b) method B with urea.

hydrothermal synthesis schemes (A and B). The typical absorption spectrum consists on de-

termining the absorbance values, which are obtained from the reflectance and transmittance

data (Equation 2.5)) without the FTO contribution, as a function of the incident radiation wave-

length.

Generally, thin films of hematite display a maximum absorption peak around 400 nm [136,

146, 147], whereas mesoporous nanostructures display two absorption peaks at 375 and 535

nm [45]. In this study, all samples matched the typical absorption spectrum of hematite NWs

[29], with a maximum absorption peak around 535 nm. Moreover, the different oxidation agents

revealed distinct optical responses. While in method A, 1 % and 7 % Mn-doped samples exhibit

a red-shift of the maximum absorption peak, method B did not yield significant changes in the

absorption peaks. Red-shifts represent an increase in the absorption coefficient associated with

the use of higher annealing temperatures or dopants [45], which were both applied to these

photoanodes. Since all samples showed the maximum absorption peak around 535 nm, the

overall red-shift is believed to arise from the Sn diffusion promoted by the two-step thermal

annealing treatment [29, 45]. However, the additional shifts observed in method A (NaNO3) for

1 % and 7 % Mn doping concentrations appear to be associated with the Mn doping impact on

hematite NWs.

Since the photoanode absorption is strongly dependent on the thickness of the photoanode,

the absorption coefficient (α) was calculated for each wavelength by, respectively, α = 2.303 ·
A/L, where A is the absorbance and L is the thickness of the photoanode. Table 3.6 displays

the A and α at 535 nm, compared with the L from SEM, for all the prepared photoanodes. For
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Method A – NaNO3 Method B – Urea

Doping % 0 1 7 13 0 1 7 13

A [%] 87.6 88.9 89.2 88.0 88.1 88.6 88.7 88.6

L [nm] 378 566 450 389 684 341 265 379

α [nm−1] 0.53 0.36 0.46 0.52 0.30 0.60 0.77 0.54

TABLE 3.6: Absorbance (A), photoanode thickness (L) and absorption coefficients (α) at 535
nm of the undoped and Mn-doped hematite NWs for both method A and B.

Method A – NaNO3 Method B – Urea

Doping % 0 1 7 13 0 1 7 13

E g [eV] 2.049 2.038 2.041 2.047 2.037 2.045 2.047 2.048

L [nm] 378 566 450 389 684 341 265 379

TABLE 3.7: Optical band gap energies (E g) and photoanode thickness (L) of the undoped and
Mn-doped hematite NWs for both method A and B.

both sets of samples, Mn doping induced a higher absorbance at the hematite NWs maximum

peak. However, taking L into account, the α showed different behaviours for methods A and

B. Whereas, in method A, the Mn doping decreased α, the L decrease observed in method B

enhanced α. Even though it is usually described that thicker samples absorb more visible light

[115], here we obtained an optimum absorption coefficient (α = 0.77) for the 7 % Mn-doped

sample with the smaller L.

Further analysis was assessed by determining the band gap energy (E g) of the photoelec-

trodes from the Tauc plots [140] through Equation 2.6. Figure 3.12 represents the Tauc plots of

both sets of samples according to the oxidation agent (NaNO3 or urea). Since we indirect elec-

tronic transitions were considered, Tauc plots consisted on the indirect absorption coefficient

(αind) calculated by αind= (α ·hv)1/2, plotted against the incident photon energy (hv). The x-

interception of the linear adjusts presented in Figure 3.12 provide the band gap value. Table 3.7

shows that, once again, distinct behaviours were observed according to the oxidation agent. Mn

doping with NaNO3 (method A) lowered the semiconductor band gap, while urea (method B)

led to an increase in the hematite band gap. The large L of the photoanodes seemed to play

an important role in lowering E g, as the largest samples (1 % Mn-doped hematite in method A

and bare hematite in method B) presented the smaller band gap energies (2.038 and 2.037 eV,

respectively).
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FIGURE 3.12: Tauc plots of Mn-doped α-Fe2O3 NWs synthesized by (a) method A with NaNO3

and (b) method B with urea.

3.3.5 Conclusions

In this chapter, the impact of the oxidation agent applied on the synthesis of hematite NWs was

studied by applying two hydrothermal methods: method A with sodium nitrate (NaNO3) and

method B with urea (CH4N2O) as the oxidation agent. Undoped and Mn-doped hematite NWs

were prepared by both approaches, examining the Mn doping concentration for 1, 7 and 13 %,

according to the doping range from literature studies [94, 95]. An important conclusion was that

the photoanode PEC performance is influenced by the combination of different factors, such as

an enhanced morphology, an enriched crystalline structure, the promotion of Sn diffusion from

the FTO substrate and a well-adjusted optical band gap. Therefore, to assess a photoanode

performance, it is important to consider the contribution of all different parameters.

Generally, the oxidation agent was found to highly impact the properties of the synthesized

bare and Mn-doped hematite NWs. Comparing the bare hematite photoanodes from both

methods, the higher j response from method A (0.78 mA·cm−2 at 1.45 V RHE) was attributed

to an improved conductivity provided by the higher Sn diffusion and smaller thickness, with

NWs preferentially growing in the (110) plane. These properties overcame the NWs aggregation

observed in SEM images of method A, yielding fewer voids along the hematite NWs layer as

concluded by RBS measurements. Moreover, although a higher absorption and lower band gap

value was obtained in method B, the large thickness must have suppressed the transport of the

photogenerated charge carriers [115, 145], leading to a j of only 0.65 mA·cm−2 (1.45 V RHE).

Low Mn doping (1 %) offered the same j response as bare hematite NWs for both approaches,

however, explained by different sources. For instance, in method A, while the enhanced j of bar
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hematite came from a higher Sn diffusion and smaller thickness of NWs preferentially grow-

ing in the (110) plane; in 1 % Mn-doped samples the j was explained by the higher absorption

spectra and smaller band gap energy (E g ∼ 2.038 eV), which increased the available radiation

to induce photogenerated charge carriers. Additionally, both sets of samples from method A

(NaNO3) and B (urea) showed remarkable cathodic shifts of the V onset, associated with the rise

of the (104) plane contribution in XRD diffractograms [147], thus lowering the I110/I104 ratio.

Respectively, shifts of 70 mV and 60 mV, obtained for method A (NaNO3) and method B (urea)

compared with bare hematite photoanodes, were much higher than the ones obtained in liter-

ature [94, 95]; and resulted in a close V onset (∼ 0.67 V RHE) approximation to the ideal hematite

photoanode V onset (∼ 0.4 V RHE).

Further doping (7 % and 13 %) decreased the j response in method A. On the other hand, in

method B, 7 % doping led to the highest j performance of 0.89 mA·cm−2 at 1.45 V RHE attained in

this study. The combination of 7 % doping with urea as the oxidation agent promoted the growth

of uniform dispersed NWs in the preferential [110] axis vertical to the FTO substrate, presenting

an enhanced crystallinity quality with fewer lattice defects and small thickness (L ∼ 265 nm).

Additionally, RBS measures suggested that the 7 % Mn dopant promoted a higher Sn diffusion,

while UV-Vis spectroscopy showed that Mn increased the absorption of hematite NWs, with the

highest absorption coefficient being reached for 7 % Mn-doped sample from method B.

All things considered, method A with NaNO3 as the oxidation agent achieved the best j per-

formance and properties features between the bare hematite photoanodes. The introduction

of the Mn dopant showed no j improvements in method A, whereas method B, with urea as

the oxidation agent, achieved a 37 % increase in j response compared to the respective bare

hematite photoanode. Furthermore, low doping concentrations (1 %) proved to be beneficial in

the decrease of V onset, reaching cathodic shifts of 70 mV and 60 mV for method A (NaNO3) and

method B (urea), respectively.





Chapter 4

Unveiling the Oxidation Agent Effect on

Cobalt-doped Hematite Nanowires

4.1 Overview

Sitting at the left of Fe in the periodic table, Cobalt (Co) has also been listed as a dopant can-

didate for hematite, with several applications. For instance, Deshmane et al. developed cobalt

oxide doped hematite films by a screen printing method as a petrol vapour sensor, achieving

sensitivities of 84 % at 250 °C for 1 wt % Co oxide doping [154]. Additionally, Co-doped hematite

nanospheres were applied in the heterogeneous activation of peroxymonosulfate (PMS) leading

to an improvement in the degradation of p-hydroxybenzoic acid (p-HBA) [155].

Regarding the development of photoelectrochemical (PEC) cells, the novel hydrothermal

strategy developed by Xi et al. with urea as the oxidation agent was employed in the synthesis

of in-situ Co-doped hematite NRs, obtaining a j of 1.20 mA·cm−2 at 1.23 V RHE with a reason-

able faradaic efficiency of 78.43 %, which means an effective j of 0.94 mA·cm−2 at 1.23 V RHE

[92]. Along with a ∼ 40 mV cathodic shift on the onset potential, these PEC improvements were

attributed to the catalytic effect of the Co3O4 nanoparticles and an increase in the absorption

spectrum. On the other hand, using the former hydrothermal synthesis with NaNO3 as the ox-

idation agent, Wang et al. developed Co-doped α-Fe2O3 NRs with an unusual annealing step

(800 °C for 3 min) [100]. Although they reported an increase in j, its absolute values remained

low (0.55 mA·cm−2 at 1.23 V RHE), probably due to the quick annealing undertaken. Even so, a

substantial cathodic shift of V onset (∼ 70 mV) was noted, cementing the cobalt effect of lowering

the photoanode dependence on external energy sources. Table 4.1 summarizes the PEC features

67
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Reference Oxidation
agent

Co doping
concen-

tration [%]

j at 1.23
V RHE

[mA·cm−2]

Vonset

[V RHE]
Vonset

shift
[mV]

Xi et al. [93] urea 5 1.20 0.66 ∼ 40

Wang et al. [100] NaNO3 3 0.55 0.73 ∼ 70

TABLE 4.1: Photoelectrochemical performance features of Co-doped hematite nanorods (NWs)
studies from literature.

reported in the literature. On top of these, Kwong et al. revealed that Co doping provided a bal-

anced optimization and long-term durability of electrocatalytic water oxidation (OER) in highly

acidic media [156].

Even though studies with both synthesis methods were performed on Co-doped hematite

NRs, the duration of the hydrothermal method and the thermal annealing treatment applied

were different from each other. For instance, while Xi et al. used a hydrothermal stage of 8 h at

100 °C, followed by two-stage annealing at 550 °C for 2 h + 800 °C for 20 min [93]; Wang et al.

performed a hydrothermal stage of 6 h at 100 °C, followed by single stage annealing at 800 °C

for 3 min [100]. The non-methodical variation of several parameters at the same time makes it

impossible to establish the effects the oxidation agents had on hematite NRs.

In this chapter, the systematic and multifaceted study developed in Chapter 3 was applied

with Co doping on hematite NWs developed by hydrothermal route. Therefore, Co-doped hematite

nanowires were synthesized by combining the variation of two parameters: (i) the oxidation

agent of the hydrothermal solution and (ii) the concentration of the Co dopant. The oxidation

agent used to oxidize to Fe3+ precursor in the hydrothermal treatment was tested with NaNO3

(method A) and urea (method B). Secondly, the doping concentration of Co was tested for 1 and

7 %, according to the doping range from literature studies [93, 100].

4.2 Experimental Details

Co-doped hematite photoanodes were prepared by a hydrothermal method (Subsection 2.1.3

of Chapter 2). The FTO glass substrates were cleaned by the methodology described in Subsec-

tion 2.1.2 and placed in a 25 mL stainless-steel autoclave filled with a 20 mL chemical solution

made according to two approaches: method A – 0.15 M FeCl3·6H2O + 1 M NaNO3 (oxidation

agent) + 56 µL HCl; method B – 0.15 M FeCl3·6H2O + 0.15 M CH4N2O (oxidation agent).

Afterwards, a first hydrothermal stage of 50 min at 95 °C with the undoped solution was

performed to deposit a uniform undoped β-FeOOH layer (Subsection 2.1.3). Then, the amount
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Synthesis Method

Method A – NaNO3 Method B – Urea

Doping
Concentration
[%]

0 0

1 1

7 7

TABLE 4.2: Co-doped and undoped hematite samples prepared.

of Co(NO3)2·6H2O (1 and 7 % in relation to the Fe3+ concentration) was added to the solution

for the second stage of 13 h at 95 °C, merging with the undoped solution to dope the β-FeOOH

NWs with Co2+. This 2nd stage was performed on both methods (A and B), obtaining the two

groups of samples presented in Table 4.2. Finally, a thermal annealing treatment at 550 °C for

2 h (10 °C/min ramp) and 800 °C for 20 min (8 °C/min ramp) was conducted on all samples to

convert the as-prepared β-FeOOH phase into the stable hematite phase (Subsection 2.1.3) [29].

The bare hematite photoanode of method A (NaNO3) was the same as in Chapters 3 and 4.

Summarizing, three samples according to the concentration of Co dopant (0, 1 and 7 %)

were synthesized for both methods A (with NaNO3) and B (with urea) to allow a methodical

analysis of not only the oxidation agents but also the doping concentration impact on hematite

NWs.

4.3 Results and Discussion

4.3.1 Photoelectrochemical response

Photocurrent density-voltage (j-V ) curves under dark and simulated sunlight are presented in

Figure 4.1(a) and (b). For both sets of samples, the photocurrent density (j) at 1.45 V RHE and the

onset potential (V onset) were extracted from j-V curves and plotted against the Co doping con-

centration (CCo) in Figure 3.1(c) and (d), respectively. Generally, samples prepared with method

A (NaNO3) achieved higher j than the ones prepared with method B (urea). On the other hand,

V onset reported the opposite trend, with the oxidation agent urea leading to more favourable

values than NaNO3. Moreover, Co doping led to lower V onset in both methods A and method B

when compared with the respective bare hematite photoanodes. In detail, low doping concen-

trations (1 %) negatively impacted the j response, inducing a slight decrease from 0.78 to 0.75

mA·cm−2 (1.45 V RHE) in method A (NaNO3) and a sharper decrease from 0.65 to 0.48 mA·cm−2

(1.45 V RHE) in method B (urea). However, further doping (7 %) in method A did not change the
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FIGURE 4.1: Photocurrent density-voltage characteristic curves of the Co-doped hematite
nanowires according with the synthesis method: (a) method A with NaNO3 and (b) method
B with urea. (c) j at 1.45 V RHE and (d) V onset for the different synthesis methods as a function

of doping concentration (Cdopant).

j value, while method B increased j to a similar value as bare hematite (0.67 mA·cm−2 at 1.45

V RHE).

Overall, method A (NaNO3) reported similar j values for bare and Co-doped photoanodes

with an average j value of 0.76 mA·cm−2 at 1.45 V RHE (black line and dots in Figure 4.1(c)), as

observed in Chapter 3. On the other hand, method B (urea) presented to be sensitive to low Co

(1 %) presence in hematite NWs (grey line and dots in Figure 4.1(c)), with an average j value of

0.60 mA·cm−2 at 1.45 V RHE. In terms of j performance, photoanodes synthesized by method A

(NaNO3 presented higher performance than method B (Urea), concluded by the average j values

of j A ∼ 0.76 and jB ∼ 0.60 mA·cm−2 at 1.45 V RHE, respectively.

In terms of the onset potential, samples with 1 % Co doping prepared either with the A or B

approach led to lower V onset when compared with the undoped hematite sample (Figure 4.1(d)).

However, the lowest V onset of 0.69 mV was achieved with 7 % doping in method B. For each set

of samples of methods A and B, respectively, the largest V onset shifts compared to bare hematite
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FIGURE 4.2: Scanning electron microscopy top-section images of Co-doped α-Fe2O3 NWs syn-
thesized by (a) method A with NaNO3 and (b) method B with urea. Inset figures show a closer

look of the photoanodes’ NWs.

were obtained by the Co doping concentrations (CCo) of 1 % (∼ 40 mV) and 7 % (∼ 30 mV).

4.3.2 Morphological Characterization

The morphology of the developed photoanodes was accessed through top and cross-section

SEM images. Figure 4.2 proved the synthesis of a nanowires morphology on top of the FTO sub-

strates for all samples prepared by both methods A and B. The euhedral shape of some NWs was

observed, rising from the fusion between neighbouring NWs promoted by the second annealing

step up to 800 °C [29]. As observed in Chapter 3, method A (NaNO3) promoted higher aggrega-

tion of NWs than method B (urea). The introduction of Co doping in both methods kept this

same feature as the respective bare hematite photoanodes. Moreover, the diameter (D) of the

NWs was measured on top-section SEM images (Figure 4.2) and plotted against the CCo in Fig-

ure 4.3(a). Generally, a similar trend was observed between approaches, with method B (urea)

leading to thicker NWs. Introducing the Co dopant, 1 % doping in both methods lowered the

NWs diameter (D), while further doping to 7 % resulted in similar D as respective bare hematite

photoanodes for both approaches.

Furthermore, the NWs thickness (L) was measured on the cross-section SEM images (Fig-

ure A.3 in Appendix A) for all the photoanodes prepared by both approaches. Once again, L
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FIGURE 4.3: (a) Diameter (D) and (b) thickness (L) of Co-doped α-Fe2O3 NWs as function of
doping concentration (1 – 7 %).

showed different behaviours by altering the oxidation agent in the hydrothermal synthesis as

the doping concentration increased. While in method A, the overall L remained almost un-

changed (L A ∼ 349 nm ± 10), Co doping induced a sharp decrease from 684 ± 27 nm to 445 ±
14 nm with 1 % doping. Taking D and L into consideration, the thinner NWs (smaller D) with

shorter thickness (shorter L) obtained by method A (NaNO3) led to a higher j A ∼ 0.76 mA·cm−2

(1.45 V RHE) compared with the lowest jB ∼ 0.60 mA·cm−2 (1.45 V RHE) from method B.

4.3.3 Structural Characterization

X-Ray Diffraction

X-Ray Diffraction patterns (Figure 4.4) proved the synthesis of the thermodynamically stable

hematite phase (JCPDS 33-0664) on all the prepared photoanodes. For both methods A (NaNO3)

and B (urea), the preferential orientation occurred at the plane (110), which, as seen in Chap-

ter 3, is associated with a higher conductivity [44, 91, 148, 149]. Smaller peaks from planes (012),

(104), (113), (024), (214) and (300) also were identified. No peaks related to Co doping were de-

tected since the doping concentration in the material is lower than the diffractometer detection

limit. Nevertheless, the analysis of the (104) and (110) peaks showed that Co doping induces

peak shifts, which can relate to lattice expansions or contractions if the shift occurs for lower or

higher angles, respectively [147]. Specifically, in method A, the (104) and (110) peak positions

were shifted to higher angles (inset graph of Figure 4.5(a)), indicating a lattice contraction upon

Co doping. In method B, doping with 1 % induced shifts to higher angles, while 7 % led to a

slight shift to lower angles (inset graph of Figure 4.5(c)). Overall, shifts to higher angles were

observed in samples that showed a decrease in j compared to respective bare hematite (1 % and
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FIGURE 4.4: X-Ray Diffraction patterns of Co-doped α-Fe2O3 photoanodes synthesized by (a)
method A with NaNO3 and (b) method B with urea.

7 % from method A and 1 % from method B); whereas the slight shift to lower angles observed

in 7 % from method B led to a slight increase in j to 0.67 mA·cm−2 at 1.45 V RHE.

Moreover, the relation between the ratio of the intensity of the (110) peak and (104) peak

(I110/I104) with the j is evaluated in Figure 4.5. For both sets of samples, Co doping increased

the contribution of the (104) plane with the exception for 7 % Co-doped hematite from method

B. The decrease of the I110/I104 ratio was followed by a decrease in j performance. However,

these samples presented enhanced V onset as the increase of (104) plane has been associated

with an increase in surface states that trap the photogenerated holes in the hematite/electrolyte

interface, making them available to the water oxidation reaction [147].

Finally, peak broadening analysis allowed us to estimate the crystallite size (DXRD) and mi-

crostrain (ε), as described in Chapters 2 and 3. Figure 4.6 present the w cosθ/λ vs sinθ/λ plots

for undoped and Co-doped photoanodes prepared using method A (NaNO3) and method B

(urea). Plot representation and linear fitting were performed in a MATLAB code [150], which

plots the experimental data, linear fit and error curves based on a degree of confidence of 95 %.

Then, DXRD and ε were determined through the intercept and slope of the linear fits, respec-

tively (values displayed in Tables 4.3 and 4.4). Microstrain was again < 0.2, thus was considered

negligible [29, 115, 152].

Figure 4.7(a) and (b) present the behaviour of DXRD, D and j as a function of the differ-

ent CCo synthesized by methods A and B, respectively. It was observed that the crystallite size
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FIGURE 4.5: Pseudo-Voigt fits of XRD (110) and (104) experimental peaks, with inset graph
showing a higher magnification of peak (104). j and I110/I104 relation as a function of Co dop-
ing concentration. (a) and (b) correspond to the synthesis with method A, while (c) and (d)

correspond to method B.

Method A - NaNO3

Doping % 0 1 7

DXRD [nm] 29.3 ± 2.2 29.6 ± 2.6 29.3 ± 2.1

ε [%] 0.04 ± 0.03 0.06 ± 0.03 0.05 ± 0.03

TABLE 4.3: Crystallite size (DXRD) and microstrain (ε) of Co-doped hematite NWs synthesized
by method A.

in method A remained constant along Co doping concentration, while in method B decreased

when the dopant was introduced. Generally, a correlation was obtained between the DXRD and j

response for both sets of samples, except for 7 % Co-doped hematite with method B. Therefore,

we can conclude that the DXRD is one of the factors that contribute to the j performance of the

photoanodes.
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FIGURE 4.6: Linear fits using the Williamson-Hall relationship for Co doped samples synthe-
sized by (a) method A with NaNO3 and (b) method B with urea.

Method B - Urea

Doping % 0 1 7

DXRD [nm] 32.6 ± 1.8 27.5 ± 2.4 28.3 ± 1.5

ε [%] 0.09 ± 0.02 0.01 ± 0.04 0.03 ± 0.02

TABLE 4.4: Crystallite size (DXRD) and microstrain (ε) of Co-doped hematite NWs synthesized
by method B.

FIGURE 4.7: Photocurrent density (j), crystallite size (DXRD) and NWs diameter (D) as a func-
tion of CCo for (a) method A with NaNO3 and (b) method B with urea.

Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry was performed on 1 % Co-doped hematite samples to

further understand the principles of the notable variations in PEC performance and morphol-

ogy achieved compared with the respective bare hematite samples. The setup was described in
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Chapter 2, with measurements performed in the same conditions as for Mn doping in Chapter

3. Therefore, the calibration curves obtained in Chapter 3 (Figures A.6 and A.7 in Appendix A)

are also applied here.

Figure 4.8(a) and (b) represents the experimental RBS data and fitting curves of the undoped

and 1 % Co-doped hematite photoanodes from method A (NaNO3) and method B (urea), re-

spectively. At first sight, it is possible to notice the difference in RBS spectra obtained for the

two groups of samples. Both analysed samples from method A showed a well-defined Fe bar-

rier (with high slope tilts), suggesting the existence of fewer voids along the hematite NWs. On

the other hand, the large tilts verified in method B indicate a larger presence of voids, both at

the surface and in-depth of the photoanodes. This was confirmed by the volume fraction es-

timated by NDF fits: 0.82 in method A and 0.85 in method B for 1 % Co-doped hematite NWs

(also verified for bare hematite in Chapter 3). Moreover, samples synthesized with NaNO3 as the

oxidation agent presented an initial ascent of their Sn barriers closer to the Sn surface energy,

suggesting a higher Sn diffusion from the FTO to the hematite NWs, which could have benefited

the higher j performance achieved by these photoanodes. As for the RBS measurements in Mn-

doped hematite NWs, Co similar atomic mass as Fe associated with the low concentration on

the sample made it impossible to visually distinguish the Co dopant in the RBS spectra. Never-

theless, initial NDF fits proved the presence of a small percentage of the Co atomic element for

the 1 % Co-doped α-Fe2O3 NWs. However, further fits are necessary to provide more accurate

percentages and to determine the in-depth distribution of the Mn dopant.

NDF code estimates the thickness of the detected elements, according to their barriers. Val-

ues obtained for the presence of Sn were in accordance with the mean thickness value of the

FTO substrate (LFTO ∼ 526 ± 22 nm) plus the Sn diffusion length into the hematite structure.

However, thickness values obtained for α-Fe2O3 were significantly lower than the ones obtained

by SEM images. The reason behind this falls on α-Fe2O3 being nanostructured, while the NDF

code is set for bulk films. RBS established unit is at/cm2, so the thickness in nanometers is given

by dividing the thickness (in at/cm2) with the material density (in at/cm3). As a result of using

the α-Fe2O3 density for bulk material, the thickness values in nanometers are lower than ex-

pected (nanostructure material has a lower density which leads to higher estimated thickness).

Even so, since the density used was the same on all samples, comparisons between them are

valid. Hence, the thickness variations between samples determined by NDF fits of RBS spectra

correlated with the L from SEM.
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FIGURE 4.8: RBS spectra of undoped and 1 % Co-doped hematite samples synthesized by (a)
method A and (b) method B, with respective fits from NDF code. Barriers correspondent to

FTO substrate + Sn diffusion and α-Fe2O3 represented for 1 % Co-doped samples.

4.3.4 Optical Characterization

UV-Vis spectroscopy measured the optical properties of the photoanodes, enabling the anal-

ysis of the absorbance spectra and further band gap determination. Figure 4.9 shows the ab-

sorbance spectra of bare and Co-doped hematite photoanodes from both methods A (NaNO3)

and B (urea)1, followed by the A and α at 535 nm presented in Table 4.5. All measured sam-

ples showed a maximum absorption peak approximately at 535 nm, presenting a red-shift from

the characteristic hematite absorption maximum peak of ∼ 440 nm [136, 146, 147]. This shift

mainly arises from the two-step annealing. Between approaches, method B showed a higher

red-shift with higher absorption over the wavelength range of 600 – 700 nm. However, the radi-

ation in this range does not possess enough energy to generate electron-hole pairs, as it is lower

than the photoanode band gap energy (E g). Hence, this increase in absorption did not reflect a

photocurrent enhancement.

Method A - NaNO3 Method B - Urea

Doping % 0 1 7 0 1 7

A [%] 87.6 88.5 87.5 88.1 — 88.7

L [nm] 378 391 279 684 445 462

α [nm−1] 0.53 0.52 0.72 0.30 — 0.44

TABLE 4.5: Absorbance (A), photoanode thickness (L) and absorption coefficients (α) at 535
nm of the undoped and Co-doped hematite NWs for both method A and B.

1A failure of the UV-vis-NIR spectrophotometer did not allow the measure on the 1 % Co-doped hematite pho-
toanode on time for the dissertation submission date.
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FIGURE 4.9: Absorbance spectra of of Co-doped α-Fe2O3 NWs synthesized by (a) method A
with NaNO3 and (b) method B with urea.

FIGURE 4.10: Tauc plots of Co-doped α-Fe2O3 NWs synthesized by (a) method A with NaNO3

and (b) method B with urea.

In addition, Tauc plots (Figure 4.10) were represented to calculate the band gap values of

the Co-doped photoanodes. Table 4.6 displays the obtained E g compared with L from SEM.

Samples prepared with method B (0 % and 7 %) showed smaller E g (between 2.035 to 2.037

eV) than method A (between 2.049 to 2.052 eV), resulting from the higher red-shift observed in

absorption spectra (Figure 4.9). Moreover, in method A, the slight reduction in the E g of the 7

% sample compared to bare hematite appears to have contributed to the tiny increase in the j

performance reported by this sample, as lower E g are usually related to more visible light ab-

sorption [26]. However, method A samples achieved higher j responses while having larger E g,

implying that other factors, such as the smaller NWs thickness, preferential growth in the crys-

tallographic (110) plane and higher Sn diffusion, must be balancing the overall j performance.
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Method A - NaNO3 Method B - Urea

Doping % 0 1 7 0 1 7

E g [eV] 2.049 2.052 2.049 2.037 — 2.035

L [nm] 378 391 279 684 445 462

TABLE 4.6: Optical band gap energies (E g) and photoanode thickness (L) of the undoped and
Co-doped hematite NWs for both method A and B.

4.3.5 Conclusions

In this chapter, the impact of the oxidation agent was further extended to Cobalt doping of

hematite NWs. Hematite NWs were synthesized by two hydrothermal methods: method A with

sodium nitrate (NaNO3) and method B with urea (CH4N2O) as the oxidation agent. Co-doped

hematite NWs were prepared by both approaches (undoped samples were prepared in Chap-

ter 3) to examine the PEC performance and morphological, structural and optical properties

upon Co doping with various concentrations (1 and 7 %). As concluded in Chapter 3, the pho-

toanode PEC performance is influenced by the combination of the contributions from multiple

factors, like the NWs aggregation, an enriched crystalline structure, elemental doping by Sn dif-

fusion from the FTO substrate and external reagent addition, and a well-adjusted optical band

gap.

Overall, method A (NaNO3) achieved higher j responses compared to method B (urea), as-

sociated with enhanced morphological and structural properties. Although photoanodes pre-

pared by method A presented NWs aggregation, the thinner D of NWs with a shorter L obtained

by method A (NaNO3) led to a higher j A ∼ 0.76 mA·cm−2 (1.45 V RHE) compared with the low-

est jB ∼ 0.60 mA·cm−2 (1.45 V RHE) from method B. Additionally, the preferential growth in the

crystallographic (110) plane and higher Sn diffusion derived from XRD diffractograms and RBS

spectra, respectively, were found to also contribute to the PEC performance of method A pho-

toanodes. Even though samples prepared by method B (urea) presented higher absorption and

a more suitable E g, the morphological and structural features limited the j performance of these

photoanodes.

In summary, the photoanodes prepared with NaNO3 as the oxidation agent in the hydrother-

mal synthesis achieved the best j performances and properties features. For both methods A

and B, the introduction of the Co dopant did not result in j improvements; however, it proved

to be beneficial for the V onset decrease, reaching cathodic shifts of 40 mV and 30 mV for 1 % in

method A (NaNO3) and 7 % in method B (urea), respectively.





Chapter 5

Optimization of Ti Doping in Hematite

NWs

5.1 Overview

Titanium (Ti) has become one of the most common n-type cation dopants for hematite [98,

103–105, 109–112], just naming a few. From porous films [104] to flower-like clusters [105] and

nanorods [109], an intense study has been developed to find the optimum doping route for Ti

into α-Fe2O3. Although synthesis techniques like spray pyrolysis [105, 106], pulse laser deposi-

tion (PLD) [104] and electrodeposition [110] have been experimented, the hydrothermal tech-

nique has settled as one of main routes to effectively improve the PEC performance of hematite

[98, 103, 107, 109, 111, 112].

Deng et al. reported, in 2012, the highest photocurrent density obtained so far for Ti-doped

α-Fe2O3 nanorods synthesised by hydrothermal method [109]. The Ti doping promoted urchin-

like nanostructures on top of nanorod arrays which increased the effective surface area, reduced

the electron-hole recombination and increased the donor density, leading to a j of 1.91 mA·cm−2

at 1.23 V RHE. Likewise, Wu et al. observed a decrease in the feature size of the nanorods as Ti was

introduced in hematite structure increasing j by 2.2 times compared with the undoped hematite

[112].

On a different strategy, Yang et al. reported the synthesis of Ti-doped α-Fe2O3 NWs with

two hydrothermal stages: an initial short stage without the dopant forms a uniform undoped

β-FeOOH layer, followed by a prolonged stage with the Ti dopant to dope β-FeOOH NWs [103]

- this strategy was used in the synthesis methods studied in Chapters 3 to 5. The thin undoped

β-FeOOH layer acts as an underlayer and a preparation of the substrate to the formation of the

81
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doped NWs, suppressing the back-diffusion of electrons from the FTO and improving the crys-

tallinity at the hematite/FTO interface. A 40 mV cathodic shift in V onset plus a photocurrent

density of 1.4 mA·cm−2 at 1.40 V RHE was attained with this strategy, corresponding to an im-

provement of 20 % in comparison with the Ti-doped hematite without the undoped underlayer.

Summarizing, Ti presents itself as an important dopant of α-Fe2O3 to improve the pho-

tocurrent density by increasing the effective surface area and the donor density, while reducing

the electron-hole recombination. However, onset potentials are usually anodic shifted when

the dopant is introduced in hematite structure, with V onset values being around 0.9 - 1.0 V RHE.

In terms of the oxidation agent used in the synthesis process, no reports with urea were found,

being NaNO3 the main oxidation agent used to produce hematite nanorods. Having this in con-

sideration, a variation of the Ti dopant concentration was performed by the synthesis method

A (with NaNO3). Although there was curiosity in experimenting with method B (with urea), the

late arrival of the Ti4+ precursor reagent, unable the experiment. Nevertheless, the experimen-

tation of method B in Ti doping is marked as ongoing work by our laboratory. Our strategy

is then to evaluate the impact doping concentration (Cdopant) has on hematite, enabling a di-

rect comparison between different dopants (Ti, Co and Mn) relative to changes in morphology,

structure and optical properties, which culminate in PEC performance variations.

5.2 Experimental Details

Ti-doped hematite photoanodes were prepared by a hydrothermal method (Subsection 2.1.3 of

Chapter 2). The FTO glass substrates were cleaned by the methodology described in Subsec-

tion 2.1.2 and placed in a 25 mL stainless-steel autoclave filled with a 20 mL chemical solution

of 0.15 M FeCl3·6H2O + 1 M NaNO3 (oxidation agent) + 56 µL HCl – method A.

Afterwards, a first hydrothermal stage of 50 min at 95 °C with the undoped solution was per-

formed to deposit a uniform undoped β-FeOOH layer (Subsection 2.1.3). Then, the amount of

C6H18N2O8Ti (0.5, 1 and 1.5 % in relation to the Fe3+ concentration) was added to the solution

for the second stage of 13 h at 95 °C, merging with the undoped solution to dope the β-FeOOH

NWs with Ti4+. Finally, a thermal annealing treatment at 550 °C for 2 h (10 °C/min ramp) and

800 °C for 20 min (8 °C/min ramp) was conducted on all samples to convert the as-prepared

β-FeOOH phase into the stable hematite phase (Subsection 2.1.3) [29]. The bare hematite pho-

toanodes of method A (NaNO3) and method B (urea) were the same as in Chapter 3.

Summarizing, four samples according to the concentration of Ti dopant (0, 0.5, 1 and 1.5 %)

were synthesized for method A with NaNO3 to allow the analysis of the doping concentration
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Synthesis Method Doping Concentration [%]

Method A – NaNO3 0 0.5 1 1.5

TABLE 5.1: Ti-doped and undoped hematite samples prepared.

FIGURE 5.1: (a) Photocurrent density-voltage characteristic curves of the Ti-doped hematite
nanowires synthesised with method A (NaNO3). (c) j at 1.45 V RHE, and insight graph showing

V onset, as a function of doping concentration (Cdopant).

impact on hematite NWs synthesized by the same method A route as Mn and Co doping in

Chapters 3 and 4. Table 5.1 summarizes the prepared photoanodes.

5.3 Results and Discussion

5.3.1 Photoelectrochemical response

As PEC cells are essentially evaluated by their photoelectrochemical performance, j-V curves

were performed to study the doping concentration effect and directly compare the Ti effect

against other dopants (Co and Mn). Figure 5.1(a) presents the characteristic curves under dark

and simulated sunlight for the several Ti-dopedα-Fe2O3 photoanodes synthesised with method

A. The extracted photocurrent density (j) at 1.45 V RHE and the onset potential (V onset) from j-

V curves were plotted against the Cdopant to clearly analyse the doping impact of Ti on these

parameters (Figure 5.1(b)). As reported by several authors [109, 110, 112], the onset potential

positively shifted to higher potentials. In terms of j, an increase of 15 % compared with the

undoped hematite was attained for 0.5 % Ti doping. Further doping to 1 % matches the undoped

hematite photocurrent, while 1.5 % decreases its performance. Since all samples undertook the

same synthesis process, it is safe to assume that this improvement comes from doping with Ti.
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FIGURE 5.2: Scanning electron microscopy images of Ti-doped α-Fe2O3 NWs. (a) Top-section
images, with inset figures showing a closer look of the photoanodes’ NWs. (b) Cross-section
images. Red circles and arrows indicate the longer aggregated NWs on top os NWs nanostruc-

tured film.

FIGURE 5.3: (a) Diameter (D) and (b) thickness (L) of Ti-doped α-Fe2O3 NWs as function of
Cdopant (0 – 1.5 %).

To further understand the origin of this improvement, the morphological, structural and

optical properties were inspected by SEM, XRD and RBS, and UV-Vis, respectively.

5.3.2 Morphological Characterization

SEM images show that Ti doping of hematite synthesised NWs, as expected [26, 103]. Through

Figure 5.2 it is possible to observe the growth of longer aggregated NWs, which stand out from

the NWs nanostructured film (visible on Figure A.4 from Appendix A), for the Ti Cdopant of 0.5 %

and 1 %. A similar morphology was reported by Deng et al., where urchin-like nanostructures

consisting of longer NWs standing on the short nanorods film increased the effective surface

area [109].
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Figure 5.3(a) and (b) represents the D and L behaviour against the Cdopant. The introduction

of 0.5 % Ti doping led to a decrease in D , which then increase to a similar value as bare hematite

with further doping (1 % and 1.5 %). The decrease of NWs diameter from the nanostructure film

upon 0.5 % led to a higher surface area, which is related to an increase in j performance [109,

112]. On the other hand, no significant variation of the photoanode thickness was observed

upon Ti doping (Figure 5.3(b)).

5.3.3 Structural Characterization

The structural characterization of Ti-doped hematite NWs was assessed by X-Ray Diffraction

(XRD). Rutherford Backscattering Spectrometry (RBS) measures were not performed on these

photoanodes due to the short availability of the equipment, prior to the preparation of the sam-

ples. Nevertheless, XRD analysis established of influential correlations between the j perfor-

mance and XRD features.

X-Ray Diffraction

The determination of the crystalline phase and inspection of crystal structure was assessed by

the X-Ray Diffraction technique. Once again, the use of a parallel beam (PB) with grazing inci-

dent omega (ω) angles configuration allowed the identification and improved study of hematite

peaks by removing most of the FTO signal [26]. XRD diffractograms (Figure 5.4) prove the syn-

thesis of the thermodynamically stable hematite phase (JCPDS 33-0664), described as corun-

dum crystalline structure with hexagonal closed-packed unit cell. A preferential orientation

occurs at the plane (110), with peaks from planes (012), (104), (113), (024), (116), (214) or (300)

being also identified. Although no peaks related to Ti doping were detected, owing to the dop-

ing concentration in the material being lower than the diffractometer detection limit, a differ-

entiation from the undoped, Mn and Co-doped samples was observed by the relative intensity

increase of peaks from planes (012), (104), (113), (024) and, especially, (116) - see Figure 5.5.

This shows that, contrary to previous samples, Ti promoted a higher growth in multiple planes,

contributing to a less ordered photoanode. Despite this being associated with a lower conduc-

tivity, as for instance, the (104) plane is associated with oxygen vacancies that act as electron

trapping sites and recombination centres, the photocurrent density did not seem affected by

this, as shown by the 15 % increase in j for 0.5 % doping.

From peak broadening analysis, crystallite size (DXRD) and microstrain (ε) were estimated,

using the Williamson-Hall method (Equation 2.2) described in Chapters 2 and 3. Figure 5.7
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FIGURE 5.4: X-Ray Diffraction patterns of Ti-doped α-Fe2O3 photoanodes synthesised by
method A (NaNO3).

FIGURE 5.5: (a) Pseudo-Voigt fits of XRD (104), (110), (113), (024) and (116) experimental peaks,
with inset graphs showing a higher magnification of (i) peak (104) and (ii) peak (116).

presents the crystallite size (DXRD), diameter of NWs (D) and photocurrent density (j) variations

for the different Ti Cdopant synthesised with method A (values displayed in Table 5.2). Although

a high degree of error was found on 0.5 % sample (mainly due to an extremely low absolute

intensity), it is reasonable to state 0.5 % Ti doping improved the crystalline structure of hematite,

as the DXRD was higher than the rest of samples. This improvement, along with the thinner NWs
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FIGURE 5.6: Linear fits using the Williamson-Hall relationship for Ti doped samples synthe-
sized by method A (with NaNO3).

Method A - NaNO3

Doping % 0 0.5 1 1.5

DXRD [nm] 29.3 ± 2.2 43.6 ± 11.8 28.6 ± 2.1 27.3 ± 2.8

ε [%] 0.04 ± 0.03 0.15 ± 0.07 0.04 ± 0.03 0.01 ± 0.04

TABLE 5.2: Crystallite size and microstrain of Ti-doped hematite NWs synthesized by method
A.

D appears to support the 15 % increase achieved in j for the 0.5 % Ti-doped sample.

5.3.4 Conclusions

Ti doping with method A (NaNO3) showed an optimum Cdopant of 0.5 %, reaching a j ∼ 0.9

mA·cm−2 at 1.45 V RHE (15 % increase response compared to bare hematite). This was associated

with an increase in the effective surface area and an enhanced crystallinity quality.

Due to the a short availability of the RBS equipment prior to the preparation of the samples,

RBS measures were not performed on these photoanodes. Additionally, fails in the Ultraviolet-

Visible spectroscopy equipment on the last month of the thesis, disabled the optical character-

ization of this set of samples. These characterizations are intended to be performed in order to
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FIGURE 5.7: Photocurrent density (j), crystallite size (DXRD) and NWs diameter (D) as a func-
tion of Ti doping concentration.

fully assess the impact of the Ti doping concentration on the synthesis with method A. Further-

more, as mentioned in the experimental section, experiments with urea are also seen as future

work.



Chapter 6

Evaluation of the role of Multilayers in

Tungsten Trioxide Nanoplates by

Electrochemical Impedance

Spectroscopy

This chapter presents the evaluation of the role of multilayers in tungsten trioxide (WO3) nanoplates

through Electrochemical Impedance Spectroscopy (EIS).

6.1 Overview

Semiconductor WO3-based nanoplates were prepared by hydrothermal method. It was inves-

tigated the impact of different hydrothermal conditions, especially the temperature, time, and

layer-by-layer thickness increase approach [26]. The different layers of WO3 nanoplates were

prepared by sequential steps of hydrothermal (12 h at 90 °C) and annealing processes (Sub-

section 2.1.4 of Chapter 2). Additionally, the morphological, structural, optical and photoelec-

trochemical features of the obtained photoelectrodes have already been studied. Figure 6.1

presents the variation of multilayer WO3 photoelectrodes thickness (L) as a function of the

number of layers (black color). On the other hand, Figure 6.2 shows the j-V curves measured

of the multilayer WO3 nanoplates, where an optimum j response for 5 layers sample can be

observed. Ideal conditions were obtained with certain hydrothermal temperature and time in

terms of photoresponse and then applied in the layer-by-layer hydrothermal growth approach.

Photocurrent improvements of over 70 % were achieved with the studied conditions.
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FIGURE 6.1: WO3 photoelectrodes thickness (L) as a function of the hydrothermal parame-
ters: temperature (1st Group), number of layers (2nd Group) and time (3rd Group); average L

extracted from cross-section views of the SEM images. [Adapted from [26]]

FIGURE 6.2: j-V characteristic curves for WO3 samples: (a) 2nd group (number of layers) - sam-
ples prepared with several layers (1 to 6 layers), i.e. sequential steps of hydrothermal growth,
each step (1 layer) during 12 h at 90 °C; (b) temperature, number of layers and time hydrother-
mal parameters as a function of j at 1.45 VRHE for the different groups of samples. [Adapted

from [26]]

EIS measurements, under dark conditions, were performed on the group of materials that

displayed the most promising results, which was the variation of the number of layers, as an

attempt to better understand the effect that the number of layers has on electrochemical per-

formance, through the better understanding of the semiconductor/electrolyte interfacial phe-

nomena. From the Nyquist plots (Figure 6.3), it is possible to extract detailed information about

the group of resistances and capacitances that describe the behaviour of the electrochemical

reaction kinetics, ohmic conduction processes and mass transport limitations on the PEC cell
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performance, by fitting a suitable electrical analogue to the EIS data, as described elsewhere

[115, 157].

This work is based on the article to be submitted: Hydrothermal growth of WO3 nanoplates

multilayers, by Paula Quitério, João P. Freitas, Tânia Lopes, Adélio Mendes, Célia T. Sousa, João

P. Araújo and Arlete Apolinário.

6.2 Results and Discussion

According to literature, an initial analysis included fitting the experimental data with three dif-

ferent circuits, illustrated in Figure 6.4 [115, 157]. Circuit A consists on a simplified Randles

circuit with one RC element (RT and CT ) related to both the bulk semiconductor transport and

the charge transfer at the semiconductor/electrolyte interface; while circuit B presents two RC

elements, one representing the bulk semiconductor transport (RSC and Cb) and the other the

charge transfer at the semiconductor/electrolyte interface (RC T and Cdl ). Both these circuits

use constant phase elements (C PE) instead of the ideal double layer capacitor, as the photoan-

odes are nanostructured [158]. Finally, circuit C consists on a simplified Randles circuit with an

ideal double layer capacitor.

Sample with 1 layer presents two RC elements, fitting with circuit B. However, the RC ele-

ment associated with the higher frequencies refers to the FTO/electrolyte interface, instead of

the bulk semiconductor transport. This was only seen for this sample, which presents a larger

resistance and capacitance compared to others, as the low volume deposited on the 1 layer sam-

ple left some areas of the FTO exposed to the electrolyte. The RC element associated with the

WO3 bulk semiconductor transport was only observed on the 6 layers sample at high frequen-

cies. This suggests that an increase in charge transport resistance is offered in samples with a

thickness higher than 5.5 µm (samples’ thickness can be seen in Figure 6.1), such that circuit B

can then be properly utilized. Samples with 2 – 5 layers had larger deposited volumes, which

suppressed the FTO/electrolyte interface, yet kept a low charge transport resistance. There-

fore, only the RC element from the semiconductor/electrolyte interface was observed. Circuit

C presented large errors associated with the RC element fitted, as the photoanodes are nanos-

tructured and an ideal double layer capacitor was used. Hence, it was not a suitable option.

Therefore, the proposed electrical analogue, in Figure 6.5 (a), known as simplified Randles

cell [159], comprises a series resistance (RS) and one RC element in series representing the

semiconductor/electrolyte interface (RC T and Cdl ), with the use of a constant phase element

(C PE) instead of the ideal double layer capacitor, as the photoanodes are nanostructured [158].



92 NANOSTRUCTURED OXIDE SEMICONDUCTORS FOR PHOTOELECTROCHEMICAL CELLS

FIGURE 6.3: Nyquist diagrams obtained at 1.45 V RHE for the increased number of layers of
WO3, with an insight graph focused on the high frequency range.

FIGURE 6.4: Equivalent circuit analogous fitted to EIS data measurements: (a) Circuit A - sim-
plified Randles circuit with constant phase element; (b) Circuit B - two RC elements with con-

stant phase elements; (c) Circuit C - simplified Randles circuit.

The experimental data were fitted to the equivalent circuit analogous, on the low frequency

range (0.6 Hz – 45 Hz), allowing the study of the charge transfer effect at the semiconductor/-

electrolyte interface, without the impact of the phenomena occurring at high frequencies.

Fitting the experimental data with the equivalent circuit analogous from Figure 6.5 (a) on

the low frequency range, the parameters RS , RC T and Cdl were obtained. As expected, the series

resistance (RS) remains constant for the different samples, as shown in Figure 6.5 (b), since it en-

globes the resistances from FTO substrate, electrolyte ion conductivity and setup connections,

which remained the same. On the other hand, the charge transfer resistance (RC T ) decreases

as the number of WO3 layers increases, achieving its lower value for 5 layers, as seen in Fig-

ure 6.5 (c). The double layer capacitance (Cdl ) also increases, meaning the double layer width

decreases (Figure 6.5 (d)). In summary, the lowest resistance to the charge transfer and the

highest j value in the j-V curves (Figure 6.2(a) and (b)), confirm that 5 layers are the optimum
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FIGURE 6.5: (a) Equivalent circuit analogous fitted to EIS data measurements. Number of layers
effect on WO3 photoanode impedance parameters at 1.45 V RHE: (b) Series resistance, RS ; (c)

Charge transfer resistance, RC T ; (d) Double layer capacitor - Cdl .

number of layers for a WO3 nanoplates photoanode.

To further analyze the behaviour of the effect of the number of layers, a Mott-Schottky anal-

ysis was performed - figure Figure 6.6, determining the donor density (ND ) and flat-band po-

tential (E f b) from the equation [160]:

1

C 2 = 2

εε0 A2qND

(
E −E f b −

kB T

q

)
, (6.1)

where C is the space charge capacitance (F/cm2), A is the surface area of the electrode (A =

0.283 cm2), ε0 is the vacuum permittivity (ε0 = 8.854×10−14 F/cm), ε is the dielectric constant

for nanostructured WO3 (ε = 50) [115, 161], q is the electron charge (q = 1.6×10−19 C), E is

the applied potential (V ), kB is the Boltzmann constant (kB = 1.38×10−23 J/K), and T is the

temperature ( kB T
q = 0.026 V at 25 °C).

All plots showed positive slopes, assuring that all samples are n-type semiconductors. The

calculated ND and V f b are listed in the table presented in Figure 6.6 (b).
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FIGURE 6.6: (a) Mott-Schottky plots and fits for the WO3 study of number of layers by EIS under
dark conditions, with insight graph representing a wider potential range. (b) EIS parameters

calculated from Mott-Schottky analysis.

Although the Mott-Schottky equation is based on planar structures, hence not offering pre-

cise values for nanostructured materials, it still can be applied to compare changes between

samples prepared with the same methods and measured on a similar setup. One layer sample

exhibit a donor density of about 4.36 × 1021 cm−3 and a flat band potential of 0.65 V , in accor-

dance with previous literature [115, 162]. However, for the rest of the samples, a large increase

in the donor density was observed, reaching 1023 cm−3, which to our knowledge was not yet

achieved for this kind of nanostructure. A reason for this might rely on not having used the

effective area, i. e. since the photoanodes are nanostructured, the area in contact with the elec-

trolyte is larger than the area used for calculation, which is based on the opening area of the

smaller sample holder of the cappuccino PEC cell. Additionally, the increase in volume by the

increment of layers must have led to a larger number of free electrons. For the flat band poten-

tial, the lowest value was obtained for the 5 layers sample, in agreement with the lowest onset

potential title also achieved (Figure 6.2(a)). Thus, an increase in the number of layers is bene-

ficial for the photoelectrochemical performance, obtaining the best photoanode performance

for 5 layers.
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6.3 Conclusions

EIS measurements allowed a better understanding of the effect the number of layers has on

electrochemical performance. Fitting the experimental data with a simplified Randles cell cir-

cuit (Figure 6.5 (a)) on the low frequency range, allowed a better understanding of the semicon-

ductor/electrolyte interfacial phenomena, without the impact of the phenomena occurring at

high frequencies.

Sample with 5 layers showed the lowest resistance to charge transfer between the semicon-

ductor/electrolyte interface, corroborating the results obtained in the j-V curves, where the best

photocurrent density was attained for the 5 layers sample. Additionally, this sample presented

the lowest flat band potential, yielding a lower onset potential.

In conclusion, an increase in the number of layers was beneficial for the photoelectrochem-

ical performance of the WO3 nanoplates photoanodes, obtaining the best photoanode perfor-

mance for 5 layers of sequential hydrothermal growth steps of 90 °C for 12 h.





Chapter 7

Conclusions and Ongoing/Future Work

This chapter presents the overall conclusions of work developed in this dissertation, followed

by a summary description of the ongoing and future work to be developed.

7.1 Conclusions

This dissertation was divided into two parts. The first part (Chapters 3 to 5) was composed of

the optimization of hematite NWs by performing a systematic and multifaceted study of Mn,

Co and Ti doping in hematite nanowires, combining the variation of two parameters: (i) the

oxidation agent of the hydrothermal solution and (ii) the concentration of the dopant. The

oxidation agent used to oxidize to Fe3+ precursor in the hydrothermal treatment was tested

with NaNO3 (method A) and urea (method B). Secondly, the doping concentration was tested

for: 1, 7 and 13 % for Mn, 1 and 7 % for Co, and 0.5, 1 and 1.5 % for Ti, establishing the dop-

ing range from literature [93–95, 98, 100, 103]. Furthermore, the impact of these synthesis pa-

rameters on the photoelectrochemical (PEC) performance, photocurrent (j) and onset potential

(V RHE), was correlated with morphological, structural and optical characterization. On the sec-

ond part (Chapter 6), Electrochemical Impedance Spectroscopy (EIS) was performed on WO3

nanoplates developed also by hydrothermal method, in an attempt to better understand the

effect of the photoanode material thickness, achieved by the sequential WO3 growth of layers.

EIS provided a better understanding of the semiconductor/electrolyte interfacial phenomena,

enabling a correlation between the EIS features with the j-V measurements.

For the success of this dissertation, it was fundamental the strong collaboration between

three research groups: the Institute of Physics for Advanced Materials, Nanotechnology and
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Photonics (IFIMUP), from Faculty of Sciences from the University of Porto (FCUP); the Labora-

tory for Process Engineering, Environment, Biotechnology and Energy (LEPABE), from Faculty

of Engineering from the University of Porto (FCUP); and the Campus Técnologico e Nuclear

(CTN), from Instituto Superior Técnico (IST), Lisbon. The IFIMUP’s know-how in the prepara-

tion and characterization of advanced nanostructures, allied with LEPABE’s strong experience

in dye-sensitized solar cell (DSC) and PEC cells development and characterization, and CTN’s

remarkable application of ionizing radiation to characterize multifaceted samples, was crucial

to achieving the objectives of this dissertation.

Generally, the oxidation agent unveiled a strong impact on the synthesis of both undoped

(bare) and doped hematite NWs. Regarding bare hematite (Cdopant = 0 %), a higher photocurrent

density (j) was obtained for method A (j ∼ 0.78 mA·cm−2) compared with method B (j ∼ 0.65

mA·cm−2 at 1.45 V RHE). The smaller thickness measured by SEM images along with a higher

conductivity suggested by the structural preferential growing in the (110) plane and higher Sn

diffusion led to an enhanced j response of method A (NaNO3).

The introduction of the Mn dopant showed no j improvements in method A (NaNO3), whereas

in method B (urea), a 7 % Mn Cdopant achieved a 37 % increase in j response (j ∼ 0.89 mA·cm−2

at 1.45 V RHE), compared to the respective bare hematite photoanode. This increase was as-

sociated with an enhanced crystallinity quality and thin thickness. Additionally, Rutherford

Backscattering Spectrometry (RBS) measurements suggested that the 7 % Mn dopant promoted

a higher Sn diffusion, which is associated with higher conductivity. Furthermore, low doping

concentrations (1 %) promoted the contribution of the (104) plane, which proved to be benefi-

cial to the decrease of the onset potential (V onset), reaching remarkable cathodic shifts of 70 mV

and 60 mV for method A (NaNO3) and method B (urea), respectively.

On other hand, for both methods (NaNO3) and B (urea), the introduction of the Co dopant

did not result in j improvements, however, proved to be beneficial for the decrease of V onset,

reaching cathodic shifts of 40 mV and 30 mV for 1 % in method A (NaNO3) and 7 % in method

B (urea), respectively. Finally, Ti doping with method A (NaNO3) showed an optimum Cdopant

of 0.5 %, reaching a j ∼ 0.9 mA·cm−2 at 1.45 V RHE ( 15.5 % increase response compared to bare

hematite). This was associated with an increase in the effective surface area and an enhanced

crystallinity quality.

On the second part of this dissertation, Electrochemical Impedance Spectroscopy (EIS) was

performed on WO3 nanoplates in an attempt to better understand the effect that the number
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of layers has on electrochemical performance, through a better understanding of the semicon-

ductor/electrolyte interfacial phenomena. EIS features corroborated the j-V results with the

5 layers sample achieving the lowest resistance to charge transfer between the semiconduc-

tor/electrolyte interface and lower flat-band potential. Thereby, EIS measures reinforced that 5

layers were the optimum number of layers for a WO3 nanoplates photoanode.

7.2 Ongoing and Future Work

From the promising results obtained throughout this dissertation, the continuous development

of PEC cells is being carried out in different manners. Remarkable results of Mn-doping re-

garding a 70 mV cathodic shift of V onset aligned with the deep complete characterization of the

material allow us to establish short-term goals to finish this work for publication. Two ongo-

ing strategies are being implemented for the finalization of this work (also in the frame of the

H2INNOVATE project):

• Further study closing the gap between the doping concentrations of Mn doping in hematite

NWs, to inspect if there is a doping range (possibly between 1 % and 7 %) where we can

establish a better compromise between the high j response obtained by 7 % doping and

the lower V onset attained by 1 % doping.

• Additional characterization techniques, such as X-Ray Photoelectron Spectroscopy (XPS),

are required to confirm the presence of the dopant at the surface of the samples. This will

lead to an enhancement of the RBS fits, which will allow a deeper study of the dopants

distributions along the in-depth profile of the hematite NWs. RBS measures of the 13 %

Mn doping photoanodes will enable us to further inspect the effect of excessive doping.

Last but not least, EIS will unveil the electrochemical phenomena occurring at the semi-

conductor/electrolyte interface and ’bulk’ semiconductor. This combined with the donor

density and flat-band potential determination will allow a deeper understanding of the j

improvements and V onset shifts presented upon Mn doping.

Moreover, further improvements in the efficiency of the photoanodes can be achieved by

employing other strategies based on the photoanodes developed in this dissertation:

• Surface treatments, like the deposition of co-catalyst, increase the water oxidation kinet-

ics and lower the electron-hole recombination. In specific, the co-catalyst FeCo, elec-

trodeposited to a stoichiometry of Fe10Co90, has proved to increase the photocurrent for
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more than 60 % on hematite films photoanodes as well as produced an approximately 10

mV cathodic shift on the V onset [146, 163]. In this work, the same Fe10Co90 co-catalyst

was electrodeposited on Mn-doped hematite NWs in order to access the impact of the

co-catalyst into a nanostructured hematite photoanode. Initial studies on samples with

a low PEC response to test the applicability of this co-catalyst on hematite NWs samples

showed promising results, presenting a 6 × fold increase in j compared with the measure

previous to the deposition of the co-catalyst. However, further experiments are planned

using the enhanced samples prepared in this work.

• As a long-term goal for future work, more advanced photoanodes will be prepared em-

ploying strategies such as heterojunctions [164] and homojunctions [165], which increase

the charge separation efficiency of the PEC cells. Combining the acquired hydrothermal

methods of WO3 and hematite, a heterojunction of these two semiconductors will be per-

formed in a two-step approach. Some first heterojunction samples, combing WO3 and

α-Fe2O3 semiconductors, were already successfully performed during this thesis, how-

ever, further tests should be implemented in the future.



Appendix A

Complementary Results

This appendix contains complementary results that help the presented results and discussions

taken in Chapters 3 to 5.

The front illumination and backside illumination were tested on the same sample, in order

to verify the advantage of using front illumination:

FIGURE A.1: j-V curves from 1 % Mn-doped (method A - NaNO3) collected from front illumi-
nation and backside illumination. As expected, the front illumination gives more photocurrent

density.
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Morphological Characterization

FIGURE A.2: Scanning Electron Microscopy images of Mn-doped α-Fe2O3 NWs synthesized by
(a) method A with NaNO3 and (b) method B with urea. Inset figures show a closer look of the

photoanodes’ NWs. Red lines mark some of the "paths" formed in the synthesis process.

FIGURE A.3: Scanning Electron Microscopy cross-section images of Co-doped α-Fe2O3 NWs
synthesized by (a) method A with NaNO3 and (b) method B with urea.
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FIGURE A.4: (a) Top-section and (b) cross-section Scanning Electron Microscopy images of Ti-
doped α-Fe2O3 NWs synthesized by method A with NaNO3. Inset figures on (a) show a closer
look of the photoanodes’ NWs. Red circles and lines mark some of the longer aggregated NWs

which stand out from the NWs nanostructured film.

Structural Characterization

X-ray Diffraction

Identified peaks from α-Fe2O3 were individually fitted with the Pseudo-Voigt function:

I = I0

[
η

2

π

w

4(θ−θC )2 +w2 + (1−η)

p
4ln2p
πw

exp
(4ln2

w2 (θ−θC )2
)]

, (A.1)

where I0 corresponds to the peak intensity, η the profile shape factor (0 < η < 1), w the full width

at hall maximum (FWHM) and θC the diffraction angle peak. Figure A.5 shows an example of

the fits performed on experimental data.

DXRD and ε values were determined by:

DX RD = k

b
; (A.2)

ε= m

4
; (A.3)

where k is the Scherrer constant (k = 0.94), b the interception at origin and m the slope.

Rutherford Backscattering Spectrometry

Table A.1 displays the atomic number, atomic mass and energy at surface of the elements asso-

ciated with the photoanodes and the incident ion He+ for detector RBS2 (θd = -140 °).

The RBS measures of the calibration samples for each detector is displayed on Figure A.6,

following the linear fits performed to determine the calibration curves in Figure A.7.
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FIGURE A.5: Pseudo-Voigt fits for all identified hematite peaks, performed individually. Graph
presents the fits of undoped hematite synthesized by method A, as an example.

Element Atomic Number (Z ) Atomic Mass (M) [g/mol] Energy after collision (E1RBS2 ) [keV]

He+ 2 4.0026 - - -

O 8 15.999 339.6025

Si 14 28.085 529.3918

Ti 22 47.867 665.3907

Mn 25 54.938 693.2633

Fe 26 55.845 696.435

Co 27 58.933 706.4306

Sn 50 118.71 803.7923

TABLE A.1: Atomic number, atomic mass and energy at surface for detector RBS2 for elements
associated with the photoanodes (M2,Z2) and the incident ion He+ (M1,Z1).
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FIGURE A.6: RBS spectra of the calibration samples, with peak elements defined for (a) detector
RBS1, (b) detector RBS2 and (c) detector ERD.
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FIGURE A.7: Calibration curves for the (a) detector RBS1, (b) detector RBS2 and (c) detector
ERD.
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Optical Characterization of bare hematite photoanodes

Figure A.8 displays the absorption spectra of bare hematite NWs synthesized by method A (NaNO3)

and method B (urea). Although an extra red-shift was observed in method B, it did not corre-

lated to an improved j response.

FIGURE A.8: Absorption spectra of bare α-Fe2O3 NWs synthesized by method A (NaNO3) and
method B (urea).
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