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PROF. GUIA: MELANIE COLET LAGRILLE

PHOTO-ANODES BASED ON MOLYBDENUM OXIDES FOR THE HYDROLYSIS OF
WATER IN A PHOTO-ELECTROCHEMICAL CELL

Las fuentes de energia limpias y sostenibles deben ser consideradas una base importante para
el futuro crecimiento y desarrollo econémico de cualquier pais. Actualmente, el suministro
mundial de energia depende en gran medida de los combustibles fosiles. Esto conlleva a que
tecnologias tales como las celdas foto-electroquimicas se vuelvan especialmente atractivas, ya
que permiten usar energia solar para producir hidrégeno. El funcionamiento de las celdas foto-
electroquimicas se basa en el uso de semiconductores como electrodos, que al ser irradiados
generan pares hueco-electrén, los cuales pueden migrar en la superficie del semiconductor y
reaccionar con las especies adsorbidas o recombinarse entre si. El hueco electronico generado
por la migracion de un electréon puede oxidar una molécula de agua para producir oxigeno
en el anodo, mientras que los electrones generados viajan hacia el catodo para reducir los
protones presentes en el agua formando hidrégeno

El presente trabajo de tesis tuvo como objetivo general la sintesis (a través de los métodos
de electrodeposicion y de spin—coating) y caracterizacion del desempeno de foto-anodos basa-
dos en 6xidos de molibdeno para la produccion de hidrégeno en una celda foto-electroquimica
a partir de electrolisis de agua.

Peliculas de 6xido de molibdeno dopadas con niquel y sin dopar se electrodepositaron
aplicando un potencial de -1,377 V vs Ag / AgCl (KCl 3 M) durante 3 horas en un vidrio
de cuarzo cubierto con didxido de estano dopado con flior - FTO - sumergido en soluciones
acuosas de molibdato-citrato a pH 9. Por otra parte, se depositaron peliculas de MoO,, WO3
y MoO, dopado con W sobre vidrio de aluminoborosilicato recubierto con 6xido de estano
dopado con flior. Este proceso se realizo mediante spin — coating a 4000 rpm durante 40
segundos.

La caracterizacion de los foto-anodos fabricados a través de electrodeposicion y spin —
coating sugiere que presentan propiedades semiconductoras y cataliticas que los hacen atrac-
tivos para su uso en una celda foto-electroquimica para la hidroélisis del agua. Sin embargo,
aunque los foto-electrodos sintetizados a través de las técnicas mencionadas tienen un inter-
valo de banda prohibida 6ptimo para aprovechar eficientemente la luz solar, la caracteriza-
cion foto-electroquimica mostro que estos electrodos no exhiben una estabilidad en solucion
acuosa y que son susceptibles a la foto-corrosion, que son factores limitantes para el uso de
semiconductores convencionales como foto-electrodos.
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Sources of clean and sustainable energy are fundamental vectors for economic growth and de-
velopment. The current global energy supply depends heavily on fossil fuels. This makes tech-
nology such as direct water splitting from harvesting solar energy in photo-electrochemical
(PEC) systems potentially attractive, due to is a promising route for the environmentally-
benign production of hydrogen. The principle of this technology utilises semiconductors to
absorb photons of energy greater than their band-gap energy, generating an electron-hole
pair. The hole could oxidise water to produce oxygen at the anode, whereas the electrons
could reduce water to form hydrogen at the cathode.

The general aims of this research work has been to synthesize (through electrodeposi-
tion and spin-coating methods) and characterize the performance of photo-anodes based on
molybdenum oxides for the production of hydrogen in a photo-electrochemical cell from water
electrolysis.

Undoped and nickel-doped molybdenum oxide films were electrodeposited by applying
-1.377 V vs Ag/AgCl (3 M KCl) during 3 hours on an FTO-coated glass substrate immersed
in molibdatecitrate aqueous solutions at pH 9. On the other hand, MoO,, WO3 and W-doped
MoO, films on aluminoborosilicate glass (ABS) coated with fluorine-doped tin oxide (FTO)
were deposited by spin-coating at 4000 RPM applied for 40 seconds.

The characterization of the fabricated photo-anodes (by electrodeposition and spin-coating)
suggests that they present semiconducting and catalytic properties which make them attrac-
tive for their application in a photo-electrochemical cell for water splitting. Nevertheless, alt-
hough all these photo-electrodes have an optimal band-gap for harnessing sufficient sunlight,
the photo-electrochemical characterization showed that these photo-anodes do not exhibit
a stability in aqueous solution and that are susceptible to the photo-corrosion, which are
limiting factors for the use of conventional photovoltaic semiconductors as photo-electrodes.
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Nomenclature

Symbol Definition Units

A Geometric area m?

A Absorbance -

a; Activity of species i -

¢ Concentration of species 1 mol L1

D, Diffusivity of species i m? st

E° Standard potential %4

E. Cell potential %

Ey, Band gap energy eV

Ey Conduction band energy eV

Ey Valence band energy eV

G Gibbs free energy J mol ™1

H Enthalpy J mol™*

1 Current A

J Current density Am™2

Jo Exchange current density Am™2

k; Rate constant of reaction i mol m~2 s~!
K° Standard electrochemical kinetics constant mol m=2 s=1
S Entropy J mol™t K1
T temperature K

t time S

AG,,, Gibbs free energy of reaction J mol™!
AH,,, Enthalpy of reaction J mol~!
AS,., Entropy of reaction J mol™' K1
) Thickness of the boundary layer m

n Overpotential V

10) Electric potential V

R Reduced species -

O Oxidized species -

vV Volume m?




Symbol Definition

Units

AG;i Gibbs free energy of formation of species i .J mol ™!
L fitm, Film thickness

nm

Bo Kinematic viscosity m? s~
w Rotational speed rad s=1
DA Vapor pressure of species A Torr
« Transfer coefficient -
L Dynamic viscosity kg m™t st
Uy i Mechanical mobility of species i -
T Hydraulic radio of species i m
h, Electronic hole in valence band -
e Electron in conduction band -
Table 1: Physical constants.
Symbol  Definition Units
c Speed of light in the vacuum 3.00 - 10% m s—*
F Faraday constant 9.65 - 10* C mol~!
h Planck constant 6.63 - 10734 J s
kg Boltzmann constant 1.38 - 1072 J K!
Ny Avogadro number 8.02 - 10% mol™!
R Ideal Gas 8.31 J mol™t K1




Chapter 1
Introduction

The increase in energy consumption in the
world due to overpopulation and alternati-
ves for generating clean energy are discussed
in this chapter. Photo-electrochemical water
splitting is presented as a promising alternati-
ve for harvesting the solar energy and convert
it into chemical energy in the form of hydro-
gen, which can be used in a fuel cell to produce
energy with zero greenhouse gases emissions.
Based on this discussion, the hypothesis and
general aim of this thesis are finally presented.



1.1. Hydrogen: A Solution to the Global Energy Crisis

Two hundred years ago there were less than one billion people living on Earth. Nowadays,
according to the United Nations (UN) humans have exceeded the 7 billions on the planet
[1]. This increase in the world population, together with economic growth of some countries,
have triggered an abrupt increase in the global energy consumption, as shown in Figure [1.1
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Figure 1.1: Population and annual energy consumption worldwide between 1980 and 2014 [2]

3],

As can be seen in Figure in 1973 at least 75 % of the electrical energy was obtained
from fossil fuels (coal, oil and natural gas), percentage that fell slightly to 66 % in 2015. This
indicates that nowadays most of the energy used worldwide still comes from the combus-
tion of fossil fuels, which is not a clean and sustainable approach [4]. In addition, fossil fuels
are non-renewable, which motivates the study and development of systems for energy genera-
tion based on renewable sources (e.g. sunlight or wind) and that are environmentally friendly.

In this context, an attractive alternative to fossil fuels is hydrogen [5] [6] , which can be
used to produce energy in an electrochemical device (fuel cell) and generates only water as
the reaction product. Table illustrates the main properties of hydrogen.
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Figure 1.2: Source shares of electricity generation in 1973 and 2015. Adapted from [4].

Table 1.1: Physicochemical properties of hydrogen [7] [8].

Property Value Units

Molecular weight 2.02 gmol~*
Density (at 1 atm and 20°C)  8.38 - 1072 kgm™3
Viscosity (at 1 atm and 20°C) 8.81 - 107° gem 's™!

Boiling point -253 °C
Flammable range in air 4-75 vol %
Auto ignition temperature 585 °C

Nowadays, ca. 96 % of world hydrogen production is by steam reforming of natural gas,
as indicated by equation [L.1] [9]:

C'Hy(g) + 2H505(g) — 4Hs(g) + COxy) (1.1)

This process produces COy and hydrogen contaminated with traces of carbon monoxide,
which poisons platinum catalysts used in fuel cells [9]. Therefore, such applications require
purer hydrogen, as can be produced by water electrolysis. At present, electrolysis of water to
produce hydrogen accounts for only ca. 4 % of the world production of hydrogen. However,
this is expected to increase with increasing need for storage of renewable energy [10]. Elec-
trolysis will be discussed in detail in Chapter 2.



Due to the high specific energyﬂ and low energy densityEl of hydrogen, its storage and
transportation, cryogenically or at high pressure, remains an economic challenge, limiting
its deployment as a clean fuel. Currently, hydrogen is stored economically in compressed
gas form at up to 700 bar in gas cylinders. It is quite important to store hydrogen safely,
because of the explosion risk, as hydrogen has very wide flammability limits (4 % — 75 % in
air, and 4% — 95 % in oxygen) [I3]. Another alternative is to store it cryogenically in liquid
form at temperatures lower than its boiling point of 20.28 K; however, its liquefaction is very
energy intensive. Besides, it is possible to store hydrogen in metal hydrides such as LiAlH,,
NaAlH,, and MgHs, which require heat to desorb hydrogen gas [14]. As can be seen, the use
of hydrogen as an alternative to fossil fuels is still under development. Despite the various
benefits of using this gas as the next generation clean fuel, it is evident that there are still a
number of hurdles to be overcome.

1.2. Solar Irradiance

The annual mean solar irradiance at normal incidence just outside the Earth’s atmosphere
is around 1,360 W m~2 [15], which converted to available solar power striking the Earth’s
surface (attenuated as it passes through the atmosphere) is equivalent to 130 million 500 MW
power plants for electricity generation [16]. This amount of energy is higher than the global
electrical power consumption of 30 TW predicted for 2050 [17], so electricity generation from
the sunlight energy collected and efficiently converted in photo-active devices (such as photo-
voltaic modules) appears to be a promising approach to deal with the future environmental
and energy challenges.

Long-term average of daily/yearly sum

Dailysum: <2.2 26 3.0 34 38 42 46 50 54 58 62 66 70 74 >

- e ' Wi
Yearly sum: < 803 949 1,095 1,241 1,387 1,534 1,680 1,826 1,972 2,118 2,264 2,410 2,556 2,702 >

Figure 1.3: Distribution of solar irradiation in the world and Chile. Adapted from [18]

!Specific energy storage of Ho: 142 - 10° J/kg [11].
2Hydrogen has one of the highest energy density values per mass. Its energy density is between 120 and
142 MJ/kg. This means that for every 1 kg of mass of hydrogen, it has an energy value of 120-142 MJ [12].



The amount of solar irradiance received at any particular location on the Earth surface
depends mainly on the latitude and the average cloud cover. Figure [1.3| shows that some
locations in the world receive a high solar irradiance during the whole year, as in the Ataca-
ma Desert in the north of Chile; therefore, the countries where such areas lay are potential
clean energy suppliers. In order to make this potential scenario a reality, the governments
and industry of these countries need to encourage the research and development of technolo-
gies capable of converting solar energy efficiently to electrical energy, but also of storing this
energy to be used during periods of zero or low insolation (night or days with cloudy weather).

It is well known that insolation varies both diurnally and seasonally, a reason for which
an inbuilt capacity for energy storage is highly desirable if electricity is to be produced from
solar energy. Presently, most of the photovoltaic technologies developed for standalone power
systems rely on batteries for storage of electrical energy [19]. However, batteries lack of high
energy storage densities (specific energies of only 30-140 W kg=!) and ease of transportation.
Therefore, fuels such as hydrogen, methane or methanol appear to be a much more attractive
route to store solar energy in the form of chemical energy (compound bonds), since they offer
high gravimetric and volumetric energy densities. In fact, the energy of visible-light photons
is 1 to 3 eV, or 100 to 300 kJ mol~!, which is more than sufficient to synthesize these fuels
through many chemical routes [I7[

1.3. Photo-Electrochemical Cells and Hydrogen Produc-
tion

Hydrogen appears to be the best option for chemical storage of solar energy as its oxi-
dation produces only water, enabling electrical energy production (either using conventional
combustion or fuel cells) without greenhouse gases emissions.

Hydrogen can be readily produced by oxidation of water in an electrolysis cell, so in the
last decades research has been centered in the development of systems that use solar energy
for its production. In this regard, two approaches can be considered to capture the solar
energy and store it in the form of chemical energy in hydrogen bonds: (i) a photovoltaic /
electrolysis system and (ii) a photoelectrolysis system. In the first case, the solar energy is
captured and converted to electrical energy in an array of photovoltaic modules and used in an
electrolysis cell to produce hydrogen and oxygen by water splitting. The hydrogen produced
at the cathode of the electrolysis cell is stored and subsequently used in a fuel cell stack
or other similar device to satisfy the portable (e.g. electronic devices or transportation) or
stationary (e.g. power station) demand for electricity. In the second case, hydrogen is directly
produced in a photo-electrochemical cell (PEC) with one or both electrodes fabricated with
semiconducting materials. Hydrogen produced by this means is stored and used identically
to the case of a photovoltaic / electrolysis system. The advantage of this second approach is
that solar energy is used directly to produce hydrogen, which means having a simple system
operation and probably decreased implementation costs [19]. Figure shows a diagram of

3 Approximately 50 % of the solar radiation spectrum is in the infrared wavelength region and the other
50 % is distributed between the UV wavelength region (ca. 3 %) and the visible wavelength region (ca. 45 %)
[15].



water splitting in a PEC.

v

Photo-anode Cathode

Figure 1.4: Simplified diagram of the operation of a photo-electrochemical cell (PEC) for the
hydrolysis of water. In this case, the photo-sensitive electrode is the anode.

In order to promote the direct chemical decomposition of water into hydrogen and oxygen
in a PEC according to the global reaction:

1
Hy00) = Hag) + 502) (1.2)

a Gibbs free energy (AGSggs) of 237 kJ mol ™! needs to be supplied to the system. This Gibbs
free energy is equivalent to a potential difference (AESyg, ) of 1.23 V, which corresponds to
the minimum potential that has to be applied between the electrodes (anode and cathode)
of an electrochemical cell to promote the water splitting reaction (1.2 according to the half-
reactions [17]:

Anode half-reaction:

1 _
502(9) + 2H(Tzq) + 2e” + HgO(l) (13)
Cathode half-reaction:
2H(J;q.) + 27 — Hz(g) (14)

A primary matter in the fabrication of a photo-electrochemical cell is the selection of
an efficient (light to chemical energy conversion) and stable (under water photo-electrolysis
conditions) material for the photo-electrode(s). The anode and/or cathode of these cells are
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fabricated using semiconductor materials capable of absorbing the energy of the photons in
the regions of ultraviolet and (some of them) visible wavelengths, promoting the half-reactions
in Eq. (1.3) and/or (1.4) at the electrode(s) | electrolyte interface.

Three materials have received special attention for the fabrication of photo-anodes for
photo-electrochemical cells: (i) titanium dioxide (TiOg), (ii) hematite (a-FeyOs), and (iii)
tungsten trioxide (WQO3). These materials present high efficiencies for solar energy capture
and conversion to chemical energy, stability under water splitting operating conditions and /or
low cost and earth abundance [9]. However, when operating under illumination in the visible
range (ca. 45 % of the solar spectrum), most of these semiconductors need of an external
potential (bias) to promote the oxygen evolution reaction on its surface, due to the position
of their conduction and valence bands [20]. This limitation restricts the use of these materials
in a practical way, so the search for new materials is still under study.

In this context, molybdenum oxides emerge as interesting materials for the fabrication of
photo-anodes, since it has been observed that: (i) molybdenum trioxide (MoOj) films have
good electrochromic and photochromic properties, and (ii) molybdenum dioxide (MoO3) has
an unusual metal-like electrical conductivity [21][22]; added to the relatively earth-abundance
of molybdenum [23].

PEC photo-anodes are fabricated by several methods successfully. Two of them are electro-
deposition and spin-coating. Regarding electrodeposition, this technique can be implemented
as a simple, scalable and inexpensive method of producing these types of electrodes. In this
context, it is widely accepted that some factors such as the type of sustrate, electrolyte
properties and electrodeposition parameters (such as current density, time, electrode poten-
tial), have a direct influence on the morphological and photo-electrochemical properties of
the semiconductor films obtained. In this method, the understanding of the thermodynamic
stability of the aqueous electrolyte involved is essential for the engineering of these para-
meters, and therefore, reaching higher solar-to- hydrogen conversion efficiencies (STH) in
photo-electrochemical cells containing these photo-electrodes [24]. On the other hand, spin-
coating is a technique for deposition of thin uniform films onto the substrates. This technique
is attractive for the manufacture of photo-anodes for the following reasons: good homoge-
neity, easy control of the composition, processing at low temperatures, large coating area,
possibility of mixing and doping oxides with other materials, control of the microstructure
of deposited coatings, good optical properties and low cost of the equipment since it is not
required to use systems to reach high vacuum [25] [26] [27].

1.4. Hypothesis

Photo-electrochemical cells offer a promising method to produce hydrogen directly driven
by the use of solar energy. In fact, the anode or/and the cathode of these cells are manu-
factured using semiconductors that are capable of absorbing the energy of the photons in
the ultraviolet and visible wavelength regions, promoting the water splitting reaction. In this
respect, molybdenum oxides have recently emerged as a promising alternative in the search
of new semiconductor materials to fabricate photo-electrodes, since it has n-type semicon-
duction, relative band edge positions in aqueous electrolytes and band-gap energy values
(Eg >1.23 eV) suitable for harvesting enough energy to drive the oxygen evolution reaction
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(OER) in a water splitting photo-electrochemical cell [24]. Additionally, it has been reported
that impurities such as nickel or tungsten (oxides) co-deposited with molybdenum oxides
on FTO-coated glass can improve the photo-electrochemical properties of the films obtained
and their catalytic activity for the oxygen evolution reaction 28] [29]. In this context, this
doctoral thesis has been focused on the synthesis of semiconductor materials by two different
routes: (i) electrodeposition and (ii) spin-coating. Therefore, the following hypothesis has
been formulated:

e Molybdenum oxides films (MoO,) produced on fluorine-doped tin dioxide (FTO)-coated
glass absorb photons with energies in the UV and visible wavelength ranges of the solar
spectrum and, moreover, impurities such as nickel or tungsten (oxides) co-deposited
with MoO, could improve the photo-electrochemical properties of the films obtained
and their catalytic activity for the OER. Therefore, it is expected that fabrication of
photo-anodes for water splitting in photo-electrochemical cells can be accomplished by
this means.

1.5. General Aim

Energy and environment are undoubtedly fundamental worldwide concerns nowadays.
Consequently, the development of technologies that enable energy production from renewable
sources (such as solar radiation) with low or zero greenhouse gases emissions is important
and timely to study.

The efficient conversion of solar energy to electrical energy is strongly associated with
the energy storage capacity of the technology employed, due to the diurnal and seasonal
intermittency of solar irradiation. Hydrogen appears as a promising storage alternative, since
it can be produced from water (an abundant resource in Earth) and used in a fuel cell stack
or other similar device to produce electrical energy with zero greenhouse emissions.

The general aims of this research work has been to synthesize and characterize the per-
formance of photo-anodes based on molybdenum oxides for the production of hydrogen in a
photo-electrochemical cell from water electrolysis.
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Chapter 2
Fundamentals Review

This chapter presents a review of the theore-
tical aspects associated with the operation of
a photo-electrochemical cell (electrochemistry,
photo-chemistry and semiconductor physics),
together with the fundamentals of the synthe-
sis techniques used in this thesis.
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2.1. Thermodynamics of Electrochemical Processes

2.1.1. Cell Potential and Free Energy

The maximum amount of work, W,,.., that can be produced by an electrochemical cell is
equal to the product of the cell potential, F.;, and the total charge transferred, v, F', during
the reaction [30][31]:

Wmam = _VeFEcell (21)

By convention, the work is expressed as a negative number because it is done by a system
on its surroundings [30)].

The change in Gibbs free energy, AG, is also a measure of the maximum amount of work
that can be performed during a chemical process ( AG = W4 ). Therefore, there is a
relationship between the potential of an electrochemical cell and AG:

AG = _VeFEcell (22)

When the reaction is carried out under standard conditions, equation takes the follo-
wing form:

o

AG" = v F (2.3)

cell

A spontaneous redox reaction is characterized by a negative value of AG, which corres-
ponds to a positive value of E.q;.

2.1.2. Nernst Equation

In general, two types of processes occur in the electrode | electrolyte interface:(i) faradaic
and (ii) non-faradaic. The first are those where the transfer of electrons through the electrode
| electrolyte interface involves a change in the oxidation state of some species, that is, there
is a proportionality between the current that passes through the system and the reacted
amount of active material on the electrode (Faraday’s law) [32]. On the other hand, non-
faradaic processes involve changes in the structure of the electrode | electrolyte interface by
varying the applied potential, mainly due to adsorption and desorption of electrochemical
species [33]. This chapter is focused mainly on the faradaic processes.

The electrochemical kinetics and thermodynamics related to faradic processes can be
analyzed considering the following general reaction:

O+ve =R (2.4)
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The free energy change, AG, as a function of the activities of the species in the reaction,
is given by the following equation [33]:

AG = AG’ + RTln {Z—R} (2.5)
O

Substituting the equations and [2.3] into equation [2.5] gives:

— UFBuy = —vFE-, + RTIn {“—R} (2.6)
ao

By dividing both sides of this equation by —v,F, it is possible to obtain the Nernst equation:

Ecell = E::)ell + —=lin

i? {“O} (2.7)

aR

In equilibrium, that is when there is no external current flow, the Nernst equation allows
describing the potential (also known as Nernst potential, Ey) as a function of the activities
of the electroactive species [34].

2.1.3. Gibbs Free Energy of Formation and Standard Hydrogen
Electrode

The Gibbs free energy of formation of a compound i, AG}J, is the change of Gibbs free
energy that accompanies the formation of 1 mole of a substance in its standard state from
its constituent elements in their standard states [35]. The utility of this energy is to be able
to calculate the AG,,, of any chemical reaction using the equation:

AGran = Y _vAGy, (2.8)

The AG; of the elements in their more stable allotropic states are equal to zero, since
these are used as a reference. The free energies of ion formation must also be compared to
a reference that has charge. The proton, HT, is assigned the value AG; g+ = 0. A negative
reference is also needed, which is the electron: AG;‘,e* = 0.

Considering the above, the semi-reaction:

1
HT +e & §H2 (29)
has AG e = %AG?}Q - AG;}H+ - AGOfye_ = 0. Using equation [2.3|it is possible to obtain

the following expression:
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o

En s m, =0 (2.10)

The above means that, given the free energy of formation conventions, the half-reaction
of proton reduction in hydrogen is assigned the value of 0 V in the standard potential. If
this semi-reaction occurs in an electrode of an electrochemical cell with unit activities for
the protons (pH = 0) and for the hydrogen (fugacity of 1 atm), this is known as a standard
hydrogen electrode (SHE) [35].

2.1.4. Redox Stability of Species in Aqueous Solution: Pourbaix and
Latimer Diagrams

The Pourbaix diagram is a plot of potential versus pH that shows zones for thermodynamic
stability of different species at fixed concentrations and temperature [36]. That a species
appears in a region of the diagram does not imply that this is the only existing species, but
that it is the most abundant stable form.

Since this speciation occurs in aqueous solution, the oxidizing and reducing character of
water must be considered:

2H() +2¢7 & Hay E"=+0,00V vs SHE (2.11)
1 o
50w +2Hj, +2e7 & HOy  E'=+123V vs SHE (2.12)

From the Nernst equations for each of these semi-reactions at 298 K and 1 atm and with
activities different to the unity, we have the following:

Eni+jm, /(V vs SHE) = 0,00 — 0,0591pH (2.13)

Eno,/m0/(V vs SHE) = 1,23 — 0,0591pH (2.14)

In the Pourbaix diagram, lines and are usually plotted. Both are parallel to each
other and delimit an area that is known as the water stability field, as can be seen in the
example diagram in Figure 2.1} If the experimental conditions are in the zone delimited by
these two lines, then the water does not react transferring electrons. If the conditions are
above the stability zone, the water is oxidized (Reaction occurs to the left), reducing
the dissolved species and evolving oxygen. Conversely, if they are under the zone of stability,
then the protons present due to the autoionization of the water are reduced (Reaction
to the right), oxidizing the dissolved species and evolving hydrogen.

A Latimer diagram is another way to show species stability in a summarized way. Latimer
or reduction potential diagrams show the standard reduction potentials connecting various
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oxidation states of an element [39]|40]. Figures [2.2|and [2.3|show, as an example, molybdenum
diagrams.
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Figure 2.1: Pourbaix diagram of the molybdenum-water system. Adapted from [37]
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Figure 2.2: Latimer diagram of the molybdenum-water system in an acid medium. Adapted
from [38]
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Figure 2.3: Latimer diagram of the molybdenum-water system in a basic medium. Adapted
from [38]

From these diagrams it is possible to predict the redox behaviour of a given species. The
more positive the standard reduction potential, more readily the species on the left is reduced
to the species on the right side of the arrow. Therefore, highly positive standard reduction
potentials indicate that the species at the left is a good oxidizing agent. Negative standard
reduction potentials indicate that the species to the right behaves as a reducing agent.
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2.2. Kinetics of Electrochemical Processes

When a chemical reaction involves species of different phases (such as in electrodeposition
or water electrolysis processes) we have a heterogeneous reaction. This type of reactions
happen by mechanisms that involve both diffusive and chemical reaction processes. It is
fundamental to have complete understanding of the global phenomenon, because, if a reaction
is the product of a sequence of steps, the reaction rate will be determined by the rate of the
slowest stage, that is, the controlling stage.

2.2.1. Transport Processes in Electrochemical Systems

In the electrolyte of an electrochemical cell, mass transfer occurs in the aqueous solution
by three different mechanisms: (i) diffusion, (ii) convection and (ii) migration [39].

e Diffusion: Is the displacement (the motion) of any species in solution, as the result of
a concentration /pressure gradient [39].

e Migration: Concerns only charged species (anions and cations), and corresponds to the
displacement of an ion in solution resulting from an electrical field [39].

e Convection: Is the motion of any species within a solution arising from the motion of this
solution (turbulent, laminar). The motion can be caused:(i) by the agitation (stirring-
flowing) of the solution, (ii) by the motion of the electrode (rotation, formation of a
deposit, flowing of a liquid or semi-solid electrode, etc.), (iii) by a difference of the
temperature which introduce a difference of density in two areas of the bulk, and (iv)
by a difference of the concentration (at the interface electrode | bulk for example),
which also introduce a difference of density [39].

In an electrochemical reaction, the transport of species to and from the electrode | elec-
trolyte interface is important to maintain the transfer of electrons and is a necessary step
for any electrochemical reaction. Moreover, it is one of the most preponderant factors in
determining the speed at which the process is carried out.

Making a mass balance of the electroactive charged species, v,, in an element of infinite-
simal volume of solution we have the following:

dc
a_c = Vel i F'V (V) + DiV%c; — Ve (2.15)
x

The first term on the right of equation is the rate of migration in an electric field
(in case the species is not ionic, this term is null), the second term is associated with the
diffusion driven by concentration gradients, and the third term corresponds to the transport
by convection.

The diffusivity, D;, can be expressed by the Stokes-Einstein equation [40]:
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e At high temperatures (T), the species have larger internal energy and, therefore, are
able to move with larger kinetic energy.

e The dynamic viscosity, i, of the medium is linked to the magnitude of the intermole-
cular forces existing in the solvent. In other words, the dynamic viscosity (also known
as absolute viscosity) is the measurement of the fluid’s internal resistance to flow.

e The hydraulic radius, r;, of the particle that diffuses is inversely proportional to its
diffusivity, since the smaller the better is its ability to permeate through the spaces
between the solvent molecules.

2.2.2. Current-Overpotential Equations

Any electrochemical reaction either produce or consume electrons, thus the rate of electron
flow to or from a reacting interface is a measure of reaction rate. Faraday’s Law allows to
relate the mass and electron fluxes of a single reaction, such as [2.4] so the current, I at an
anode (A) or cathode (C) is a direct measure of the (area) specific reaction rate (r):

|Za/0]

—_— 2.1
AA/C-VE-F ( 7)

rA/Cc =

Dividing the current by an electrode’s geometric area defines the current density, related
directly to the specific reaction rate:

ljasc|
Ve - F

ra/c = = kA/C * Cred/ox (218)

Therefore, the partial current densities j4 and jo can be defined as a function of the cathodic
and anodic reaction rates:

ljasc| =rajc-ve- F (2.19)

The rate coefficients k4/c exhibit an experimental dependence on driving forces / overpo-
tentials:

e (1—a)-v.-F-n
k:A—k:ezp( T (2.20)
o a-ve-F-n
= —_—— 2.21
fo = Koy (- 261 (221



Where overpotentials, 7, are defined by :

o

n= Esemirzn - (222)

In equations and « is the transfer coefficient and k° is called standard electroche-
mical kinetic constant, which is the same for both reaction rates [34].

At equilibrium no net current flows to or from the surface of the electrodes. This, however,
does not mean that nothing is happening in the electrochemical cell. A “dynamic equilibrium”
condition exists, where the net currents in electrochemical reactors must sum to zero to
conserve charge (Kirchoff’s 1st law):

Jnet = ja+ jo =0 (2.23)

Solving equations and gives:

, ° (I1—a) ve-F-n 0 a-ve-F -
=k F —k F - 2.24
Inet k exrp ( PL T Cred k exrp R T Cox ( )
Factoring by k" F :
. e (1—a) ve-F-n a-ve-F -
Jnet = k F {exp ( T Cred — €I 7T Cox (2.25)

Equation is known as the current-overpotential relationship.

Another useful form of this equation (more details in bibliography [31]) is known as the
Butler-Volmer equation:

et = Jo [exp <(1 — O‘;%"”;' r 77) — cap (—LF”)} (2.26)

where, 7j,, is a parameter known as the exchange current density. The exchange current
density corresponds to the current at equilibrium, i.e. the rate at which oxidized and reduced
species transfer electrons with the electrode. In other words, the exchange rate is the rate of
reaction at the reversible potential (when the overpotential is zero by definition).

2.3. Electrodeposition Processes

Deposits of photo-active materials with varied morphologies (thin dense films or nanostruc-
tured arrays) and, therefore, active surface areas have been synthesized on different substra-
tes (titanium foil, sheets or FTO-coated glass) by spray-pyrolysis, chemical vapor deposition
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(CVD), electrodeposition processes, drop-casting or spin-coating. The photo-anodes obtained
by these different routes present diverse photon absorption, charge separation and catalytic
oxygen evolution properties and, consequently, different photo-current densities are produced
by each of them when operating at similar conditions.

Electrodeposition provides a simple, cheap, scalable and manufacturable fabrication met-
hod of semiconducting materials [41]. In this context, it is widely accepted that factors such
as the electrolyte properties (concentrations of precursors and other compounds dissolved,
solvent, pH), the type of substrate, and the electrodeposition parameters (electrode poten-
tial, current density, time), influence the morphological and photo-electrochemical properties
of the generated semiconducting deposits (films) [41]. The understanding of the thermody-
namic stability of the aqueous electrolyte involved is crucial for the engineering of these
parameters, and thus reaching higher solar to- hydrogen conversion efficiencies (STH) in
photo-electrochemical cells containing these photo-electrodes [42].

In general, in the electrodeposition of a compound of interest in an electrochemical cell
the phenomenology can be described by the following steps:

1. The precursor species is dissolved in the electrolyte and moves towards the boundary
layer.

2. The precursor species penetrates the boundary layer and reaches the solid | liquid
interface.

3. The species is adsorbed on the surface, either in the substrate or in the solid already
deposited, with chemical reaction with charge transfer (redox reaction).

4. The adsorbed species diffuses on the surface.

5. When the species finds a growth site (minimum energy gap in the surface of the subs-
trate that provides larger stability) it is incorporated into the deposit.

Figure [2.4 shows steps mentioned above:

jus]

Precursor Solution Bulk
1

Concentration of the
species mn oxidized form
o
o)

Figure 2.4: General stages of the electrodeposition process.
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2.4. Spin-Coating: An Alternative to the Electrodeposi-
tion Processes

Large scale fabrication of photo-anodes by electrochemical methods offers advantages over
other techniques since the successful scale up of electrochemical synthesis processes is confir-
med by numerous industrial applications, such as the electrolytic production of pure metals.
The above is one of the motivations of this research project which is mainly focused on the
manufacture of photo-anodes based on molybdenum oxides through electrodeposition. Ho-
wever, spin-coating was considered as an alternative synthesis method in order to compare
the results obtained by both approaches and enrich the discussion.

One of the most popular low-cost techniques for the preparation of thin films is spin-
coating. The main advantage of spin-coating is its ability to quickly and easily produce
very uniform films, ranging from a few nanometres to a few microns in thickness [43]. The
fundamentals of this technique will be reviewed in this section, which will help to a better
understanding and interpretation of the results discussed in Chapter 6.

This technique generally involves the application of a thin film (a few nm to a few pum)
evenly across the surface of a substrate by coating (casting) a solution of the desired material
in a solvent while it is rotating [43].

Generally, spin coating can be broken down into four key stages:(a) deposition, (b) spin-
up, (c¢) flow domination and (d) evaporation. These stages are schematized in Figure
[64]. The first three are commonly sequential, but flow domination and evaporation usually
overlap [43].
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Figure 2.5: General diagram of the Spin Coating process.
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1. Deposition: In this stage, the coating solution material is applied on the of substrate
surface as illustrated in Figure (a). The amount of applied liquid depends on the
viscosity of the liquid and the size of the substrate to be coated.

2. Spin-up: In the second stage of the spin-coating process, the substrate is accelerated up
to its final, desired, rotational speed. As can be seen in the Figure (b)7 in this stage
liquid is spread over the substrate surface by centrifugal force. The spinning speed is
set at a specific value depending on the desired film thickness.

3. Flow domination: The third stage of a spin-coating process corresponds to the spinning
of the substrate at a constant rate and fluid viscous forces dominate the gradual thinning
of the deposited layer (Figure [2.5(c)).

4. Evaporation: In the final stage, evaporation of the solvent takes over as the primary
mechanism of thinning as can be seen in Figure [2.5(d). During this stage centrifugal out
flow stops and further shrinkage is due to solvent loss. The above causes the formation
of thin film on the substrate. During the evaporation stage the suspended or dissolved
solids may grow so concentrated at the liquid surface as to form a high viscosity, low
diffusivity layer or solid skin.

2.5. Semiconductor Materials

Materials can be classified according to their resistivity in conductors, semiconductors and
insulators. Semiconductor materials are used in the manufacture of photo-electrodes. These
types of materials are insulators with a band-gap that allows electronic transitions from the
valence band to the conduction band; its conductivities result of the movement of excess
electrons or holes (electron-vacancies) in a semiconductor lattice [44].

Semiconductors with holes as majority charge carriers are known as p-type semiconductors,
whereas those with excess electrons as charge carriers are known as n-type semiconductors.

2.5.1. Band-Gap

Intrinsic semiconductors are materials that have full energy levels (valence band) and
empty energy levels (conduction band) [44] [45]. These bands are separated by an area in
which it is not possible for an electron to remain because of a lack of energy states. This
area is known as a band-gap. The width of this band defines the electronic characteristics of
the material and determines the sensitivity of the semiconductor to irradiation at a certain
wavelength. The energy difference that defines this band-gap, usually ranges between 1 to 4
eV [46].

As can be seen in Figure[2.6] if the value of the band-gap is greater than 4 €V, the material
is a dielectric or insulator, and if the value of the band-gap is close to zero it is a conductor.
In any other circumstance the material is a semiconductor [47].

When a semiconductor absorbs solar irradiance, an excited electron-hole pair will be ge-
nerated. The probability of finding an electron in a given state can be modelled by the
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Figure 2.6: Materials classified according to their conductivity.

Fermi—DiracE] distribution in which the Fermi level is defined as the energy level at which the
probability of finding an electron is 0.5. It is important to note that n-type semiconductors
have Fermi levels closer to their conduction band, while p-type semiconductors have Fermi
levels closer of their valence band [49).

2.5.2. Flat-Band Potential

Flat-band potential corresponds to the Fermi level on an electrochemical scale within a
semiconductor electrode under no band bending conditions (no potential difference between
the surface and the bulk energy bands) [42]. For instance, the energies of bands of isolated
semiconductors in vacuum are ‘flat’, i.e. do not depend on position relative to the semicon-
ductor | vacuum interface. However, when a semiconductor is in electrical contact with an
electrolyte solution or another semiconductor, the Fermi levels in the two congruous phases
equilibrate by transfer of charge, causing the bands to bend across the space charge region
legsc|, as illustrated in Figure

Kl—type semiconductor \ ﬁtype semiconductor \

: e
E, Vacuum Eq Vacuum
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Figure 2.7: Curvature of semiconductor bands in contact with electrolytes: (i) n-type and (ii)
p-type [42].

4The statistical mechanics of Fermi-Dirac is applied mainly to subatomic particles and very particularly
to electrons, which are governed by the Pauli exclusion principle according to which only two electrons (with
opposite spin) can occupy the same quantum state [48].
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By changing the potential of the electrode, it is possible to manipulate the degree of band
bending. In the case of a n-type semiconductor, when the applied potential is negative to
the flat-band potential, an accumulation layer is formed, in which electrons (majority charge
carriers) accumulate at the semiconductor surface. On the other hand, if the applied electrode
potential is positive to the flat-band potential, a depletion layer is formed, in which the
majority charge carriers at the surface is small but still significant. When a larger positive
potential is applied to the semiconductor, an inversion layer will be formed, in which the
concentration of minority charge carriers (holes) will be dominant at the surface [42].

2.6. Water Splitting and Photo-Electrochemical Cells

As stated in Section 1.3, to promote the water splitting reaction (equation according
to the half-reactions (equations and a potential of at least 1.23 V must be applied
between the electrodes (anode and cathode).

In the case of a photo-electrochemical cell, the anode or/and the cathode are fabricated
using semiconductor materials which are capable of absorbing the energy of photons in the
ultraviolet and visible wavelength regions and use them to promote reaction(s) or/and
at the electrode | electrolyte interface(s)ﬂ Figure [2.8/shows a schematic of the band-edge
energy levels of an ideal semiconductor anode material for water splitting Ff], at which two key
aspects can be observed: (i) the band-gap energy (£,) of this material is larger than 1.23 eV,
and (ii) the valence and conduction band-edge energies (E,, and E,, , respectively) are below
and above the electrochemical equilibrium potentials Edqg; (O2/HoO) and ESog-(H ™'/ Hy) for

half-reactions [I.3] and respectively.
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Figure 2.8: Schematic of the band-edge energy levels of an ideal semiconducting photo-anode
material for water splitting. Half-reaction equilibrium potentials vs NHE (normal hydrogen
reference electrode).

5The semiconductor must absorb radiant light with photon energies of >1.23 eV, which is equivalent to
wavelengths of ca. 1,000 nm and shorter (ultraviolet and visible wavelength regions) [16].

6Similarly, a schematic for the band-edge energy levels of an ideal semiconducting cathode material can
be conceived, but it is not presented in this Ph.D thesis since its aim is to fabricate a semiconducting
photo-anode.
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These conditions have to be satisfied by the semiconductor anode material in order to:
(i) promote the oxygen evolution reaction (OER) at the electrode | electrolyte interface by
means of the electron holes generated in the semiconductor valence band by absorption of
the energy of sunlight (photons), and (ii) generate electrons with energies high enough to
promote the hydrogen evolution reaction (HER) at the cathode surface.

In Figure the band-gap limits of some semiconductor materials studied as photo-
anodes and photo-cathodes are illustrated.
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Figure 2.9: Conduction band (left dots line) and valence band (right dots line) position vs
NHE (normal hydrogen reference electrode) of some common semiconductors used in PECs
[16].
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Chapter 3
Literature Review

This chapter reviews the main aspects of
photo-electrochemical processes for water
splitting, emphasizing the semiconductor
materials most commonly used in the produc-
tion of photo-anodes, such as : (i) titanium
dioxide (TiO,), (ii) hematite (a-FeyO3) and
(iii) tungsten trioxide (WOs3), and materials
that seems an attractive alternative, such as
molybdenum oxides (MoO,).
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3.1. Photo-electrochemical Cells

In a photo-electrochemical cell one or both electrodes are made of semiconductor materials,
which convert incident photons to electron—hole pairs [50]. These electrons and holes migrate
in opposite directions to the electrode surface [50][5I]. In the case of a photo-anode, the
photo-generated electrons are swept toward the conducting backcontact and transported to
the counter-electrode via an external wire. At the counter-electrode, the electrons reduce
water to form hydrogen gas. On the other hand, the created holes on the valence band are
swept toward the semiconductor | electrolyte interface, where they oxidize water to form
oxygen gas [50)].

As mentioned in section 1.3, in order to promote the direct chemical decomposition of
water into hydrogen and oxygen in a PEC a potential difference of at least 1.23 V needs
to be supplied to the system, which corresponds to the minimum potential that has to be
applied between the electrodes (anode and cathode) of an electrochemical cell to promote the
water splitting reaction. Figure shows a schematic of a photo-electrochemical cell (PEC)
used for water splitting with a photo-anode in acid solution.

hv

Cathode

Photo-anode

T ———

-3

Figure 3.1: Diagram of a simple photo-electrochemical cell [85].

3.2. Design and Fabrication of Photo-Electrochemical Cells

Research on photo-electrochemical systems has been focused mainly on the improvement of
the performance and durability of photo-electrode materials. The design of an electrochemical
cell is also fundamental to maximize the overall efficiency of conversion / production of
the process and achieve its economic viability. In the case of photo-electrochemical cells,
the efficient production of hydrogen from the hydrolysis of water depends strongly on the
manufacturing process of a photo-electrode that complies with the basic characteristics which
are mentioned in section 3.1. Usually, a photo-electrochemical cell would need at least a
window which allow illumination into the reactor and one or two photoactive electrodes,
as illustrated in Figure Next, photo-electrochemical cells with different design will be
discussed.

In the study and search of suitable materials for photo-electrodes, the cappuccino cell [52],
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which is illustrated in Figure[3.2] is an excellent alternative since this type of devices generally
works with small photo-electrodes areas (ca. ~ 0.5 cm? ). Most cells use either platinum
wire or platinised titanium as the counter-electrode in order to minimise the overpotential
required for hydrogen evolution. Due to the electrode area is all so small, the effect of potential
distribution is insignificant.

Clip for counter-electrode Insert for reference electrode

Figure 3.2: Components of the cappuccino photo-electrochemical cell [52].

A photo-electrochemical cell of a single compartment, batch type, will only be sufficient
for laboratory scale material testing, but if this technology is to be deployed at the industrial
level, flow reactors need to be considered. Currently, most photo-catalytic reactors are used
in the water treatment industry where dissolved organics in waste water are oxidised using
particulate semiconductors [53][54]. As can be seen in Figure these systems can be easily
operate in a fluidised bed reactor with UV lamp illuminated from inside of an annular column
or illuminated from the outside[89]. Unfortunately, having the product gas, particles, and
liquid all mixed in the reactor, the separation process will prove to be challenging.

The simplest design of a photo-electrochemical cell would be to use planar and parallel
electrodes with a membrane separating the anolyte and catholyte [55][56]. As shown in Figure
a possible planar electrode design [53] is to have an assembly of a few plates which forms
different compartments and meshing a membrane in between. This kind of design is easy to
fabricate and modification on the cell such as addition or removal of a compartment can be
easily made. However, this cell or reactor design present a slight disadvantage, which is that
the multiple joints will serve as possible spots for liquid and gaseous leaks [57].

Two types of photo-electrochemical cells have been developed by Midwest Optoelectronics
[58]: (i) the immersion-type as shown in Figure [3.5and (ii) the substrate-type as illustrated
in Figure 3.6l The immersion type cell suggests the use a bipolar type of electrode, where the
surface facing the top would be the photo-anode, while the opposing surface would be the
cathode. In this cell, having the membrane installed perpendicular to the electrodes would
also create possibly an uneven potential distribution due to the long proton path (assuming
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Figure 3.3: Schematic of a fluidised bed cell loaded with semiconductor particles [89].
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Figure 3.4: Exploded view of a multiple plate electrochemical reactor assembly [57].
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acidic electrolyte), and hence reducing the efficiency of the reactor, as suggested by Haussener
et al. [59)]. In the case of substrate-type photo-electrochemical cell design, the photovoltaic
material is deposited on top of a hydrogen evolution catalyst such as Co:Mo. Unfortunately,
as both the immersion and substrate type reactor designs are top facing, the gas bubbles could
get trap on the top surface of the cell and electrodes could cause an increase in interfacial
resistance. On the other hand, the effect of trapped bubbles on the performance of the cell
would be more significant for the immersion type reactor, where the bubbles will cause light
scattering, thus reducing the incident photon flux to the photo-anode.

Sunlight Generated O, Bubbles

Generated H, Bubbles
vias ' ' ' '
| | Glass -
T, W S : ..__.____' g I

Photo-electrode ' \

Electrolyte flow Membrane support Container/Holder

(Vessel)

Membrane

Figure 3.5: Immersion type photo-electrochemical cell [58].
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Figure 3.6: Substrate type photo-electrochemical cell [58].

Fan et al. invented a photo-electrochemical cell that uses a mirror to illuminate the cell
from both sides [60]. This device is illuminated on one of its faces directly with sunlight, while
on the opposite side a mirror is placed perpendicular to the direction of the light beams in
order to reflect the light towards the cell and use the photons more efficiently. This is very
useful in a system where a photo-anode and photo-cathode is used. This concept is based
on to having the electrolyte at the core of the cell, separated by membrane where photo-
anode is deposited at one side while the photo-cathode at the other side as can be seen in
Figure [3.7 In this type of cell, the reaction would be highly limited by mass transport of the
electrolyte/water through the membrane and to the electrodes for reaction to take place.
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Linkous and Slattery [61] designed a double bed photo-electrochemical system as can be
seen in Figure In this design, using a pump the electrolyte can flow through the chambers
(anodic and cathodic) where the oxygen and hydrogen evolution are carried out separately.
This system has several disadvantages, such as an uneven potential and current distribution,
moreover it will also have mixture of oxygen, hydrogen and lower conversion efficiency due
to the recycle of the electrolyte.
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Figure 3.7: Schematic of a photo-electrochemical cell which utilises a mirror to illuminate
both sides of the system [60].
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Figure 3.8: Concept design of a dual bed photo-electrochemical cell [61].
Aroutiounian et al. proposed an improved dual-bed cell where the electrolyte is separated
by a membrane as illustrated in Figure [62]. Unlike the cell described above, instead of

a flat optical window, a light-concentrating optical window and a light-focusing parabola is
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used to maximise the photon flux into the cell. Nevertheless, this setup does not improve the
potential distribution.

—p Photo-electrodes 1 and 2

Light concentrating
Light focusing optical window

parabola Light focusing

parabola

Ton exchange
membrane

Electrolyte

Figure 3.9: Improved dual-bed cell with light-concentrating optical window [62].

Kelly and Gibson also used the same concept of utilising a curved surface to provide
intensified photon flux onto an immersed PV-electrolyser reactor system in a folded plastic
(polyester) bag and divided fish bowl reactor (Figures |3.10] and [3.11)) [63]. Plastic bags or
fish bowls would make an interesting alternative as material for a photo-electrochemical
cell since these devices are very cheap. Nevertheless, as the suggested cell system requires
approximately 19 litres of 5 M of KOH solution as electrolyte, the mechanical stability of the
plastic bags may not be strong enough to hold the weight of the highly alkaline electrolyte and
will be a potential hazard. On the other hand, having the PV panel immersed in the electrolyte
in this type of cells, the semiconductor needs to be well insulated from the electrolyte in
order to avoid degradation of the PV semiconductor material, this makes implementing these
devices less viable.
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Figure 3.10: Schematic diagram of a folded plastic bag PV-electrolyser cell system [63].
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Figure 3.11: Schematic diagram of a fish bowl PV-electrolyser cell system [63].

A more practical alternative of a photo-electrochemical cell which utilises focused and
intensified light would be a design which uses fibre optic light guide [64][65]. In this setup,
the fibre optic light guide will be coated externally with photo-anode material, in contact
with electrolyte solution, enclosed with a membrane sheath. A porous metal cathode which
has electrical continuity can be made on the membrane as shown on Figure [3.12] The cell
can be scaled-up by having a bundle of these electrode modules in a manifold arrangement
as ilustrated the Figure It is also possible to scale the cell in the direction of length,
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but this would depends highly of the conductivity and characteristics of the photo-anode
material.
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Figure 3.12: Cross sectional area and schematic of a single fibre photo-electrochemical cell
module [64][65].
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Figure 3.13: Schematic of a photo-electrochemical cell with multiple modules of fibres [64] [65].

3.3. Semiconductor Materials for Photo-Electrochemical
Processes

Photo-electrochemical cells with semiconductor electrodes in electrical contact with a con-
ductive substrate (back contact) have been considered for an efficient water splitting. In the
case of semiconductor electrodes, radiation absorption, carrier production and water oxida-
tion /reduction reactions take place in the same semiconductor material. The photo-electrode
surface plays thus a seminal role and particular care should be devoted to surface morphology
and defective sites [66].

The design of semiconductor photo-electrodes must consider that a significant fraction of
the incident solar energy has to be absorbed for the activation of water oxidation/reduction
reactions. Besides, for these technology to be deployed at large scale globally, semiconductor
materials need to be low-cost and earth-abundant.
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3.3.1. Materials for Photo-Anodes

For the photo-anodes production, three materials have received special attention for the
fabrication of photo-anodes for photo-electrochemical cells: (i) titanium dioxide (TiO,), (ii)
hematite (a-FeoOs3), and (iii) tungsten trioxide (WOj3), which are n-type semiconductor and
stable under oxygen evolution conditions. The details of these materials will be discussed
further in this section.

3.3.1.1. Titanium dioxide, TiO,

Titanium dioxide has been considered as a promising photo-anode material for the photo-
electrochemical production of hydrogen from water splitting, due to its resistance to disso-
lution in aqueous environments and under oxygen evolution, which can be inferred from the
analysis of the potential-pH diagram in Figure However, the band-gap energy of tita-
nium dioxide is 3.2 eV (as can be seen in Figure, which determines that only ca. 3% of the
energy in the solar spectrum (mainly the UV wavelength region) will be able to promote the
formation of the electron-electron hole pairs necessary for the oxygen evolution reaction to
occur (see Figure[2.8)[20]. In addition, some researchers have shown that due to the position
of the valence and conduction band-edge energies of titanium dioxide (see Figure , it is
not possible to promote the unassisted photo-electrolysis of water in a photo-electrochemical
cell using TiOy photo-anodes [67], but an external electrical or chemical bias (e.g. pH diffe-
rence between anolyte and catholyte) is required to drive the water splitting process [108].
There have been many attempts to change the band structure of TiOs, so absorption of solar
radiation in the visible light wavelength range and unassisted water splitting are possible.
Some results reported in the literature have shown that introducing impurities such as zinc,
chromium, molybdenum, carbon or nitrogen into the TiO, lattice, the band-gap of the ma-
terial can be decreased to enable absorption of photons in the visible light wavelength range
167 .

3.3.1.2. Hematite, a-Fe,0;3

Hematite is a cheap and abundant mineral, which has been widely studied as a photo-anode
material for PECs since it can absorb up to 30 % of the energy in the solar spectrum (band-gap
energy of 2.2 eV as illustrated in the Figure , and has good photo-electrochemical stability
and chemical inertness over a wide range of pH and under oxygen evolution conditions,
according to the potential-pH diagram in Figure [68] [69]. However, as with TiO,, a-
Fe;O3 is not able to promote the unassisted photo-electrolysis of water at its surface under
illumination, due to its conduction band-edge energy level. Moreover, studies have shown that
the photo-current densities generated in PECs with a-Fe;O3 photo-anodes are quite low due
to: (i) the high recombination rates of photo-generated electrons and electron holes [70], and
(ii) the slow electron exchange rate between water and the photo-anode surface [7I]. In this
respect, impurities such as tin, titanium, silicon and zinc have been incorporated in the a-
Fe;O3 lattice to create surface defects or trapped states which decrease the electron-electron
hole recombination rates. Furthermore, a-Fe,O3 doped with silicon, tin or titanium presents
higher electron exchange rates between water and the photo-anode surface [72]. Photo-current
densities produced by PECs with a-Fe,O3 photo-anodes can also be increased by addition
of oxygen evolution catalysts such as iridium oxide or cobalt phosphate on the surface of the
photo-anode, which decrease the applied to equilibrium potential difference (overpotential)
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required to evolve oxygen and hence lower the bias (auxiliary potential) required to promote
the unassisted water splitting in a PEC [73][69].

3.3.1.3. Tungsten trioxide, WO;

Tungsten trioxide is among the most popular candidates to fabricate photo-anodes for
PECs, together with TiOs and a-Fe,Os3. Although WOj5 is stable only in acidic conditions
(pH below ca. 4.0, as can be seen in Figure and presents a band-gap energy of 2.7
eV (according to Figure , so it is able to capture a maximum of 10 % of the energy in
the solar spectrum, its popularity is due to the slow recombination rate of photo-generated
electrons and electron-holes. Similarly to TiOs and a-Fe,Os3, the conduction band-edge energy
of WOs is not high enough to promote the spontaneous splitting of water to produce oxygen
and hydrogen, so impurities have to be introduced to the WO3 photo-anode structures. For
example, a photo-current increase of ca. 20 % at an applied potential of 1.6 V vs SCE reference
electrode has been measured when using WO3:Mo|WOj3 bi-layer structures as photo-anodes,
compared to pure WOj3 photo-electrodes [73][69] [74].
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Figure 3.14: Potential-pH diagram of the system titanium-oxygen-hydrogen at 298 K, 1 atm
and 107° dissolved species activities. Red lines for anhydrous oxides and black lines for
(metastable) hydrated oxides [75]. SHE: Standard Hydrogen Reference Electrode.
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3.3.2. Materials for Photo-Cathodes

The operation of a photo-electrochemical cell is not limited to the use of only photo-
anodes materials. As different materials have been studied for the synthesis of photo-anodes,
materials have also been studied to produce photo-cathodes, which can be used in a cell
with a traditional anode (e.g. platinum) or a photo-anode. Generally, semiconductors as
GaAs, GaP and Si are doped to produce p-type semiconductor and can act as a photo-
cathode. However they are not stable under hydrogen evolution conditions and the cost of
making these materials are relatively high [74].On the other hand, metal oxides are considered
cheaper materials, but most of this type of oxides are n-type semiconductors. CusO is among
the few metal oxides which exhibit p-type semiconductor properties, it’s band-gap is ca. 2 —
2.2 eV, but the potential-pH diagram (Figure of Cus0 shows that it is not stable under
oxygen and hydrogen evolution condition. Paracchino et al. [76] reported that nanolayers of
Al-doped zinc oxide and titanium oxide are capable of increase the life span of CuyO from
ca. 5 minutes to about an hour [77].
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Figure 3.17: Potential-pH diagram of the system copper-oxygen-hydrogen at 298 K, 1 atm
and 107 dissolved species activities [75].

3.4. Molybdenum Oxides and Synthesis Methods

Presently, molybdenum oxides have recently emerged as a promising alternative in the
search of new semiconductor materials to fabricate photo-electrodes for driving the water
splitting reaction |78 [79].It has been reported that some compounds of the MoO, family
present:(i) stability under acidic conditions (as can be seen in Figure [3.18), (ii) n-type semi-
conduction [21] (iii) relative band edge positions in aqueous electrolytes [80] and ban-dgap
energy values [21][81] (E, >1.23 eV) suitable for harvesting enough energy to drive the oxygen
evolution reaction (OER) in a water splitting photo-electrochemical cell [81] [17].
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Figure 3.18: Potential-pH diagram of the system Molybdenum-Oxygen-Hydrogen at 298 K, 1
atm and 107° dissolved species activities [75]. SHE: Standard Hydrogen Reference Electrode.

Many deposition techniques, such as evaporation [82], chemical vapor deposition [83],
sputtering [84]|85] and various wet chemistry methods, such as sol-gel spin coatings processes
[86], electrodeposition [24], spray pyrolysis [87], have been used to prepare MoO, films. Among
these, the electrodeposition and spin-coating techniques provide a simple, cheap and scalable
way of manufacturing semiconductor materials. Next, the state of the art of the production of
thin films of molybdenum oxides by electrodeposition and spin-coating methods is presented.

Shembel et al. performed the electrodeposition of thin films of molybdenum oxides on
steel [88] by varying the molybdenum precursor solution: the first was an aqueous solution
saturated in ammonium molybdate (NH;)sMo07044, (with pH between 6.5 y 7.0), and the
second one was sodium molybdate, NayMoOy. The current densities used were invariant on
the time (potentiometries) and comprised between 10 and 15 mA cm™2. The films obtained
contained non-stoichiometric oxides of the form MoO,-nH,O with x in the range 2.75-2.88
and n between 1.33-1.38.

Patil et al. reported the structural and optical properties of molybdenum oxide thin films
electrodeposited on FTO-coated glass from alkaline aqueous solutions of ammonium molyb-
date at room temperature |[81]. The results obtained showed the formation of hydrous and
amorphous MoO;_,(OH)s, films, which turns into polycrystalline MoOy when annealed in
dry argon at 450 °C for 1 hour. The changes in crystallinity and composition affected the opti-
cal absorption properties of the molybdenum oxide deposits obtained (ca. 219 nm thickness),
whose band-gap narrowed from 2.64 eV to 2.58 eV when annealed.

Dukstiene et al. reported the structural, optical and photo-electrochemical properties of
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MoO; thin films electrodeposited on Se-SnOs-coated glass and SnOs-coated glass from al-
kaline solutions of sodium molybdate at room temperature, introducing sodium citrate as
intermediary of the electrodeposition reaction [21]. The results obtained showed the forma-
tion of anhydrous and amorphous MoO, films, with a band-gap that goes from 2.53 eV to
2.38 eV depending on the electrodeposition potential applied (from -1.0 V to -1.2 V). The
electrodes produced by this means showed an increase in the open circuit potential of ca. 0.31
V and photo-current generation when comparing their electrochemical behavior in the dark
and under UV-illumination. Finally, a proposed band-gap model of the photo-electrodes fa-
bricated suggest that unassisted photo-electrochemical oxygen evolution from water splitting
is possible in a PEC with MoOs-based photo-anodes in alkaline solutions.

On the other hand, considering that pure molybdenum cannot be electrodeposited from
aqueous solutions, the co-deposition of this metal with other metals such as nickel and/or
tungsten to produce metallic alloys has been widely studied [28] [29]. For instance, the use
of nickel as a catalyst has stood out during the last years, with several applications [89]. Tt
is well known that the presence of nickel in electrodes provides catalytic activity for both
the oxygen and hydrogen evolution reactions in aqueous solution, which in addition with the
properties mentioned at the beginning of section 3.4. for molybdenum oxides makes attractive
the idea of studying photo-electrodes based on mixed molybdenum-nickel oxides.

An example that exposed above, is the research of Kuznetsov et al. who studied the
deposition processes of nickel-molybdenum alloys from ammonia-citrate solutions [90][91][92].
The dependence of the current and the chemical composition of cathodic deposits with the
electrolysis time were studied under potentiostatic conditions [92]. The results obtained can
conditionally be divided into two types: (i) at potentials less than —0.93 V vs SHE, a decrease
in the current is observed with increasing electrolysis time, which is associated with the
blockage of the electrode surface by molybdenum oxides; (ii) at potentials higher than —0.93
V vs SHE, in the course of the first few seconds a slight decrease in the current occurs,
which is followed by an increase associated to the formation of a nickel-molybdenum alloy,
[NiCitMo0Os],qs, on the cathode.

Morales et al. proposed a speciation model for the Mo(VI)-Ni(II)-citrate-S(VI)-N(III)-HoO
system and it was solved for a set of concentrations, varying the amount of Mo(VI ) and Ni(II)
and the pH of the solution, to obtain diagrams of predominance and distribution [24]. The
plots obtained were used to discuss and choose adequate conditions for the electrodeposition
process of molybdenum and nickel oxides films, which suggests that a pH — 9.0 and pCov 1)
= pCnign = 2.0 were recommendable when pCs; =pCgry = pCyrn —1.0 was fixed.
Additionally, Eh-pH diagrams for nickel and molybdenum species were obtained to determine
the potential to be applied for the electrodeposition of molybdenum and nickel oxides. The
results showed that a potential below -0.56 V vs SHE must be applied to the cathode to
obtain a MoO,-Ni/NiyH deposit, which would need further post-calcination treatment to
obtain a stable photo-anode for water splitting applications.

Finally, although this research is mainly focused on the production of MoO, films by elec-
trodeposition, other alternatives such as spin-coating were also tested to obtain molybdenum
oxide films. In fact, good results have been reported in the literature when using this techni-
que to obtain films deposited on substrates such as FTO-coated glass or ITO-coated glass.
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An example of the aforementioned is that reported by Chao-Sheng Hsu et al. who studied the
structural and electrochromic properties of MoOj thin films prepared by sol-gel spin-coating
technique on ITO-coated glass from precursor solutions of MoO3 which were prepared by
dissolving metallic molybdenum powder in hydrogen peroxide mixed with acetic acid [93].
The results obtained showed the formation of amorphous MoOj3 films which were calcined
at a temperature between 100°C and 500 °C for 1 h, producing nanocrystalline orthorhom-
bic MoOj3 (a-MoO3) thin films. The electrodes produced by this means were investigated
by repetitive cyclic voltammetry (CV) tests in which not only the CV curves but also the
optical transmittances showed good reversibility. The 350 °C heat-treated MoQOg film showed
excellent electrochemical reversibility and stability even after 100 CV cycles.

The results obtained by electrodeposition and spin-coating techniques have offered new
information, which provides a further insight into molybdenum oxides films properties.

3.5. Project Objectives

Considering the aim of this thesis, previously mentioned in section 1.5, and based in the
literature review of this chapter the following specific objectives are proposed:

e Determine the optimal conditions for the fabrication of photo-anodes based on molyb-
denum oxides films (through electrodeposition and spin-coating methods) on SnOq:F-
coated glass.

e Design and build a laboratory-scale photo-electrochemical cell for the production of
hydrogen from the electrolysis of water using the photo-anodes fabricated by electro-
deposition.

e Study the kinetics of the photocatalytic evolution of oxygen under darkness, white light
and under UV-illumination conditions over the fabricated photo-anodes.

40



Chapter 4

Experimental Methods and Equipment

This chapter outlines the experimental met-
hodology adopted to obtain the results dis-
cussed in this thesis. The procedure to synt-
hesize the nickel/tungsten-doped molybdenum
oxide photo-anodes are explained in sections
4.3 and 4.6 of this chapter. The design and
manufacture of the photo-electrochemical cell
used to test the nickel-doped molybdenum oxi-
de photo-anodes is also described in section
4.2. Analytical instruments and electrochemi-
cal techniques used to characterize the photo-
anodes produced are described briefly in sec-
tions 4.4 and 4.5 and subsections 4.6.2 and
4.6.3.
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4.1. Overview of the Experimental Methodology

The PhD research project was organized in two main stages, in accordance with the ob-
jectives defined in chapter 3. The first stage was focused on the study of the electrodeposition
process of molybdenum oxide films (undoped and nickel-doped) on FTO-coated glass, and the
manufacture and performance characterization of a laboratory scale photo-electrochemical
cell with molybdenum oxide-based photo-anodes for water splitting. The second stage focu-
sed on the study of photo-anodes based on molybdenum oxide films (undoped and tungsten-
doped) deposited on FTO-coated glass using the spin-coating technique. The first stage was
carried out in the Department of Chemical Engineering, Biotechnology and Materials of the
Universidad de Chile, while the second stage was carried out in the Department of Chemical
Engineering of the University of Bath, England. The scheme of Figure [4.1 summarizes these
stages.

[ |
' |
Study of the electrodeposition process of undoped
I_ _______ - I and nickel-doped molybdenum oxide films on |
First stage | | FTO-coated glass I
| Photo-anodes synthesized H‘ |
| by electrodeposition and I I
photo-electrochemical cell o
g | construction | | Manufacture and performance characterization of |
[~ k] | 1 | alaboratory scale photo-electrochemical cell with
o = _——— = molvbdenum oxides-based photo-anodes for water |
E g | splitting I
:g e=—====="a
£3
z £
g Study of the spin-coating process of MoO,,
Second stage W03 and W-doped MoO, films on
Photo-anodes synthesized almminoborosilicate glass coated with FTO

by spin-coating process

Photo-electrochemical characterization of MoO,,
W03 and W-doped MoO,, photo-electrodes.

Figure 4.1: Scheme of the work plan. The methodology is organized in two macro-stages,
each one represented by a color.
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4.2. Photo-Electrochemical Cell Design and Fabrication

The photo-electrochemical properties (catalytic activity for oxygen evolution reaction and
long-term stability under light and darkness conditions at room temperature) of the undoped
and nickel-doped molybdenum oxide photo-electrodes produced needed to be characterized
and analysed. For this purpose, a photo-electrochemical cell made of polytetrafluoroethylene
(PTFE) and quartz glass were used.

In the next section materials selection and details on the fabrication of the photo-electrochemical
cell are presented.

4.2.1. Cell Body

The material used to construct the cell body needs to be stable in NaySO, solutions and
have low permeability to hydrogen gas. Considering the above, due to its chemical stability
and low permeability to hydrogen gas (4.45 -107' / mol ¢cm? s~! Pa~! [94]), PTFE was
chosen as the material for the construction of the cell body.

4.2.2. Optical Window

The optical window is the key component for enabling light illumination of the photo-anode
inside the photo-electrochemical cell. The optical window must have high transmission in the
UV and visible regions of the electromagnetic spectrum. Materials such as silica or quartz
plates have excellent transmission at wavelengths (=300 nm), but quartz plates are cheaper
[9]. Therefore, quartz was chosen as the material used for the optical window. The effective
area in the quartz window used in the photo-electrochemical cell for sunlight to reach the
photo-anode is approximately 11.75 cm? (length: 3.97 ¢m, width: 2.96 cm, thickness: 4 mm).
The transmission spectra of quartz window is shown in figure 4.2.

As can be seen in Figure the quartz window achieves an approximate transmittance
of 91 % which is an excellent value in the region of 300-400 nm (highlighted region in the
graph) of the electromagnetic spectrum. The transmittance measurements of the quartz win-
dow were carried out in the Chemical Engineering Department of the University of Bath,
England. The transmission spectra was collected in a Cary 100 diffuse reflectance UV-Vis
spectrophotometer.

4.2.3. Cell Design and Assembly

The photo-electrochemical cell design aimed mainly to reduce the number of joints in order
to minimise points of possible liquid and gas leakage, which are quite common problems in
modular and stackable cells [95]. In order to make that possible, the chosen design of the
photo-electrochemical cell was of the cylindrical type. In the prototype designed a flat face
was made where the quartz window is placed. The quartz window was sealed with a rubber
separator and a support end plate to prevent leakage. Figure 4.3[ and Figure [4.4] shows front
and back views of the cell assembly. Besides, in the upper part of the cell a lid with holes that
allow the placement of electrodes is used as illustrated in Figure Photographs and more
details of the dimensions of the fabricated photo-electrochemical cell are shown in Appendix
L.
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Figure 4.2: Transmission spectrum of quartz window of the photo-electrochemical cell

Finally, Figure illustrates the fully assembled photo-electrochemical cell. It is possible
to appreciate in this image that the cell has a simple and efficient design, which allows it to
have a good performance without liquid and/or gas leakage when it is used in photo-activity
measurements of the electrodes fabricated.
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Cell body

Figure 4.3: Front-view of assembly of the photo-electrochemical cell.
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Figure 4.4: Back view of assembly of the photo-electrochemical cell.
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Figure 4.6: Fully assembled photo-electrochemical cell

4.3. Electrodeposition of Undoped and Nickel-Doped Molyb-
denum Oxide Films

A solution (hereinafter named S;) containing 0.075 M of molybdenum trioxide (MoOjs,
99.97 % purity, Sigma Aldrich), 0.075 M of nickel (NiSO,4-6H,0, 99.00 % purity, Merck), 0.50
M of sodium citrate (NagCgH507-2H20, 99.00 % purity, Merck) and 0.70 M of ammonium hy-
droxide (NH,OH, 25 % NHj in HyO, Merck) was used as electrolyte for the electrodeposition
of thin (nanometric) films of molybdenum oxide(s) doped with nickel on FTO-coated glass.
Electrodeposition experiments done with a similar electrolyte solution but without nickel
(hereinafter named Sy) are also discussed in this research, for comparison of the microstruc-
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tural and compositional characteristics and the photo-electrochemical properties of MoO,
and MoO,-Ni films. All solutions were prepared using deionised (DI) water. The initial pH
of the solutions was adjusted to 9.0 using sulfuric acid (97 % purity, Merck), to favour the
presence of molybdenum in the form of molybdate (MoOi(_aq_)) and nickel in the form of the

dimeric nickel-citrate complex [NiQ(OH)QHQCim]?a_q) during electrodeposition, as discussed in
a previous work on the thermodynamics of the Mo(VI)-Ni(IT)-citrate-S(VI)-N(III) aqueous
system [24].

FTO-coated glass slides (TEC 8, 3.0 mm thickness, Sigma-Aldrich) were cut into pieces
of 1.0 cm width and 2.5 cm length to be used as working electrodes. Copper foil and silver
paste were used to fabricate the electrical connections of the FTO-coated glass pieces. The
electrodeposition active area of the FTO-coated glass electrodes was a rectangle of 1 cm width
and 1.5 cm length (see Figure . A platinum foil (1.25 ¢m?) was used as counter electrode
and an Ag/AgCl(3 M KCI) electrode as reference. The three electrodes were mounted in a
glass-jacketed cell and temperature was controlled at 25 °C. A cathodic potential of -1.377 V
vs Ag/AgCl (3M) was applied for 3 hours to the working electrode (using a Gamry Reference
3000 potentiostat/galvanostat/ZRA) to promote electrodeposition of molybdenum oxide(s)
and nickel metal /hydride, considering that the reduction of molybdate ions occurs solely at
high overpotentials [24].

Copper base

Transparent poxipol resin

o

FTO-coated glass

(a) Initial structure of the electrode (b) Electrode used in the electrodeposition process

Figure 4.7: Diagram of the photo-anode: (a) initial structure of the photo-electrode, (b)
photo-anode to be used in the cell.
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4.4. Characterization of Undoped and Nickel-Doped Molyb-
denum Oxide Films

The microstructure, chemical composition and UV-visible light absorbance of the deposits
obtained were characterized by scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), atomic force microscope
(AFM) and UV-visible spectroscopy.

A JEOL JSM-IT300 SEM coupled to an Oxford Instruments x-act Penta EDS device was
used to perform the microstructural and elemental analysis, with a penetration depth of 2
pm at different magnifications.

A Physical Electronics 1257 XPS system was used in order to corroborate the elemental
composition of the films and the oxidation states of the present elements. Its surface analysis
chamber is equipped with radiation (non-monochromatic) at 1.4866 kV from an aluminium
Ka source. The electrons are captured at 35° to the normal’s sample. Spectra were acquired
in the region of interest using the 0 to 1200 eV experimental range of binding energy, areas
where it is expected to find signals of the elements: Mo, Ni, O, Sn, F and C.

The surface morphology and thickness of the films were examined using an atomic force
microscope model NaioAFM (Nanosurf GmbH, Langen, Germany). The measurements were
performed in the contact mode and with a maximum scan field area of 50 x 50 microns.

Finally, the UV-visible light absorbances (in the range between 300 and 800 nm) of the
films produced were recorded using an Agilent 8553 UV-visible spectrometer with a tungsten
lamp. The absorption coefficient and band gap of the films produced were determined by
fitting the data of the UV-visible spectra obtained using Tauc plots.

4.5. Photo-electrochemical Measurements of the Oxygen
Evolution Reaction using Electrodes Undoped and
Nickel-Doped Molybdenum Oxide Films

The performance of the undoped and nickel-doped molybdenum oxide photo-electrodes
was tested in the cell described the section 4.2. Photo-electrochemical measurements were
performed using white (Chanson, 30 W, 6000-6500 K color temperature) and UV (Chanson,
20 W, ez = 385 nm) LED lights coupled to a power source with adjustable voltage /current
output, and a Gamry Reference 3000 potentiostat/galvanostat/ZRA.

The photo-electrodes produced by electrodeposition of MoO,-Ni films (or MoO,,) on FTO-
coated glass were used as working electrodes, after cleaning with acetone and distilled water
in an ultrasonic bath for 5 minutes and drying in air. A platinum foil (1.25 cm?) was used as
counter electrode and an Ag/AgCl(3 M KCIl) electrode was used as reference. A solution of
0.1 M sodium sulfate (NaSOy, 99.00 % purity, Sigma Aldrich) and pH equal to 3.5 adjusted
using sulfuric acid (HySOy4, 98 % purity, Merck) was used as electrolyte.

These three electrodes were mounted in the PTFE cell, one of them, with the photo-
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electrode placed in front of the quartz crystal window of the cell. In this setup, the light
strikes perpendicularly to both the quartz glass window and the photo-electrode surface
placed at 4 cm distance from the light source, with the MoO,-Ni (MoO,) film facing the
light. The white light intensity was regulated to reproduce the illuminance level of a full
daylight (10 klux), assuming neglectable reflection losses. A digital light lux-meter (Outest,
GM1010) was used for this purpose. Likewise, the UV light intensity was regulated using a
digital radiometer (Tenmars, TM-213) to provide an irradiance of 2 mW ¢m~? at a distance
of 4 cm from the light source.

Open circuit potential (OCP) measurements were performed for 45 minutes under dark,
UV and white light to determine the type of semiconductor of the electrodeposited films.
Linear voltammetries under dark, UV and white lights at scan rate of 25 mV s™! and between
0 and 1.6 V vs Ag/AgCl (3M KCIl) were carried out to study the photo-activity of the
electrodes. Finally, current transients were carried out for 30 minutes under dark, UV and
white light to study the stability (photo-corrosion) of the deposits obtained.

4.6. Photo-Anodes Synthesized by Spin-Coating

Looking for alternatives, spin-coating technique has been considered for the synthesis of
photo-anodes to be studied in this research due to advantages described in section 2.4 of
chapter 2.

The following subsections describe the synthesis of the photos-anodes by the spin-coating
method and their photo-activity characterization in Dr. Eslava’s Research Group at the
University of Bath.

4.6.1. Deposition of MoO,, WO3; and W-doped MoO, Films

WOs-doped MoO,, and pure MoO, and WOj films on Aluminoborosilicate glass (ABS)
coated with fluorine-doped tin oxide (FTO) were prepared using a spin-coating system (SCK-
200 Spin Coater, INTRAS). The solutions employed for the spin-coating deposition were
prepared under environmental conditions. The precursor solution for tungsten-doped molyb-
denum oxide photo-anodes (electrodes S5 and Sg)was prepared by dissolving 1.75 g of ammo-
nium molybdate (para) tetrahydrate (HosMo7NgOoy @ 4H50, 81-83 % as MoOs, Alfa Aesar)
and 0.8 g of tungstic acid (HoWO,, 99 % purity, Sigma Aldrich) in 6 mL of ethylene glycol
(C3HgO2, 99.99 % purity, Sigma Aldrich). The precursor solution for the preparation of pure
MoO, films (eletrode S3), was prepared dissolving 1.75 g of ammonium molybdate (para)
tetrahydrate in 6 mL of ethylene glycol. Finally, the precursor solution of WOj film (ele-
trode S;), was prepared by dissolving 0.8 g of tungstic acid in 6 mL of ethylene glycol. All
the solutions were prepared using deionised (DI) water, stirred for 3 hours and subsequently
sonicated for 1 hour.

Aluminoborosilicate glass (ABS) coated with fluorine-doped tin oxide (FTO) transparent
conductive layer (Ry= 8 Q sq ~') was provided by Solaronix, CH. These FTO-ABS glass
slides were cut into pieces of 1.2 cm width and 2.5 cm length and were cleaned ultrasonically
in a 2 % aqueous Hellmanex III (industrial detergent) solution followed by ultrasonic baths in
deionized water, acetone and isopropyl alcohol for minutes each. Finally, the substrates were
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rinsed with deionized water and dried with compressed air to be used as working electrodes.
The solutions prepared as stated in the previous paragraph were cast by spin-coating onto
the FTO-ABS glass pieces using 4000 rpm for 40 s and dried to remove solvents. The coated
glass samples were calcined at 470°C for 120 minutes using a ramp rate of 10°C min~!. In
the case of the samples prepared using the S3 precursor solution, these had two synthesis
protocols: the first form of preparation of the photos-electrodes using this solution is by the
protocol described above, while the second type of electrodes obtained with this solution
were prepared by repeating the described method 3 times in order to obtain thicker films.
Figure illustrates the preparation of photo-electrodes by the spin-coating process in this
research.

. Deposited film

Heating process _1
470 °C Glass
Precursor L

solution Spin-coating
4000 rpm, 40 seg

Figure 4.8: Schematic diagram of the synthesis of photo-anodes by spin-coating process.

4.6.2. Characterization of MoO,, WO3; and W-doped MoO, Films

The microstructure, chemical composition and band-gaps of the deposits obtained were
characterized by scanning electron microscopy (SEM), X-Ray diffraction (XRD) and UV-
visible spectroscopy.

Field emission scanning electron microscopy images (FE-SEM) were acquired using a
JEOL FESEMG6301F.

X-Ray diffraction (XRD) patterns were collected in the 2 Theta range 10-80° with a Bruker
AXS D8 Advance using Cu-Ka (A= 0.154 nm) radiation with a total integration time of 960
S.

The necessary information for the construction of Tauc plots was collected in a Cary 100
diffuse reflectance UV-Vis spectrophotometer.
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4.6.3. Photo-electrochemical Characterization of MoO,, WO3; and
W-doped MoO, Photo-Anodes

The photo-electrochemical performance of photo-anodes under AM 1.5G illumination (100
mWem™2) from a filtered 300W Xenon lamp source was evaluated using a CompactStat
potentiostat (Ivium Technologies). PEC cells consisted of three electrodes, with Pt as the
counter electrode, Ag/AgCl/3.5 M KCl as the reference electrode and the fabricated photo-
anodes as the working electrodes. All experiments were carried out in a 0.2 M NaySOy
(99 % purity, Sigma Aldrich) electrolyte solution (pH = 6.73 adjusted with sulfuric acid).
Mlumination was directed towards the back of the FTO-ABS working electrode and a mask
was placed on top of the photoelectrode to regulate the illuminated area. Photocurrent-time
curves were performed at an applied bias potential of 1.23 V vs the reversible hydrogen
electrode (V vs RHE), which corresponds to the minimum potential that has to be applied
between the electrodes (anode and cathode) of an electrochemical cell to promote the water
splitting reaction. Photocurrent-potential curves were recorded at a scan rate of 20 mV s 1.
The potentials measured against the reference electrode were converted to the standard
hydrogen electrode (SHE) scale using the Nernst equation:

Epng = Elgjager T Eagjager + 0,059pH (4.1)

where Eixg/Agcz is 0.205 V vs SHE at 25°C and E 44/44c1 corresponds to measured potential.

The theoretical fundamentals of the electrochemical, micro structural, compositional and
optical analysis used in the study and characterization of photo-anodes synthesized are pre-
sented in the appendices B, C and D.
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Chapter 5

Synthesis and Characterization of
Undoped and Nickel-Doped
Molybdenum Oxide Photo-Anodes

This chapter presents the synthesis and cha-
racterization of undoped and nickel-doped
molybdenum oxide photo-anodes films. The
results studied include: (1) Eh-Ph diagrams
developed by Morales in order to determine
by a thermodynamic analysis the electrode-
posited species on the substrate of each fa-
bricated electrode; (2) microstructure analysis
of the films performed by Scanning Electron
Microscopy (SEM) and Atomic Force Micros-
copy (AFM); (3) the composition and chemi-
cal state of the elements forming the films ob-
tained by X-Ray Photoelectron Spectroscopy
(XPS) and Energy-dispersive X-ray Spectros-
copy (EDS or EDX); (5) the study of photo-
activity and conductivity type presented by
the films performed by Open Circuit Poten-
tial (OCP) tests and (6) finally, representati-
ve linear sweep voltammograms of the electro-
des obtained in an electrolyte of 0.1 M NaySO,
at pH 3.5 in order to obtain a better unders-
tanding of the phenomena in the system in
which the photo-electrochemical experiments
were carried out.
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5.1. Electrodeposition Process: Synthesis of Undoped and
Nickel-Doped Molybdenum Oxide Photo-Anodes

The electrodeposition experiments (cronoamperometries) were carried out according to the
protocol described in 4.3. Figure [5.1| shows curves of current densities versus time obtained
at a potential of -1.377 V vs Ag/AgCL (3M) applied for 3 hours for the synthesis of undoped
and nickel-doped molybdenum oxide electrodes.
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Figure 5.1: Current density-time curves obtained at a potential of -1.377 V applied for 3
hours. Photo-anode S;: Undoped molybdenum oxide electrode; Photo-anode Ss:Nickel-doped
molybdenum oxide electrode.

In order to obtain a better understanding of the phenomena in the system in which the
electrodeposition experiments were carried out, Eh-pH diagrams for the molybdenum and
nickel species have been elaborated by Morales et al [24] . Figure shows the diagrams
obtained which will be used to interpret and describe the processes that occur during the
chronoamperometries illustrated in Figure [5.1

The general data illustrated in Figure [5.1|show that the formation of nickel-doped molyb-
denum oxide films on FTO-coated glass (photo-anode S,), present a larger cathodic current
density curve than the cathodic current density curve obtained for the synthesis of undoped
molybdenum oxide films (photo-anode S;) in the same experimental conditionsﬂ

"Chronoamperometries for the synthesis of photo-anodes were carried out during 180 minutes at a potential
of -1.377 V using an electrolyte at pH 9 and at a temperature of 25°C. More details in section 4.3.
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Figure 5.2: Eh-pH diagrams for (a) molybdenumPand (b) nickel species at 298 K and 10° Pa.
Activity of molybdenum and nickel species equal to 1072 and activity of citrate, ammonia
and sulfate species equal to 1071, Solid species are showed in bold letter [24].

A zoom at the beginning of the current density curve of the electrode S; (Figure shows
a small decrease in the cathodic current density (<2 min). Although the electrodeposition
process was carried out at pH 9 and at a potential of -1.377 V (~ -1.172 vs SHE), hypothe-
tically favoring the formation of molybdenum in metallic state, as shown in diagram (a),
it is possible to assume that this form of the current density at the initial instants of the
experiment is related to the formation of molybdenum oxides of the type MoO,, which are
probably partially blocking the surface of the electrode. The above would be caused because
the high electronegativity of oxygen compared to hydrogen at room temperature (even in
environments where there is a greater amount of hydrogen) would give greater stability to
binary d-metal oxides, such as MoO, instead of metal forms with lower states of oxidation

9The notation for molybdenum-citrate complexes is taken from the work of Cruywagen, Rohwer and Wes-
3— [2p+3q—7]—

sels [97] [p,q,r] stands for the product of the reaction: pMoOZ(_aq.) + chit(aq') + TH(;q_) < [p,q, r}(aq')
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[96]. Studies carried out by Shembel et al. [88] confirm that at potentials lower than -0.68 V
vs SHE the most stable species due to the reduction of molybdate ions, MoO3~ is molybde-
num dioxide, MoO,. This justifies the formation of molybdenum oxides instead of metallic
molybdenum, even in the presence of hydrogen generated during HER.
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Figure 5.3: First 3.4 minutes of the current density-time curves obtained at a potential of
-1.377 V vs Ag / AgCl (3M) and 3 hours during the synthesis of the photo-electrode S;.

Despite of the current density curve obtained throughout the experiment would be a
product of both the hydrogen evolution reaction and the reduction of molybdate ions to
molybdenum dioxide, the steady-state value of the current density illustrated in Figure 5.1
would correspond mainly to the HER as reported by Kuznetsov et alt. [90][91][92]. Probably
the high electrical conductivity['| of the MoO, deposited on FTO-coated glass would have
a positive impact on the hydrogen evolution reaction, since it would allow the passage of
electrons easily from the substrate to the electrode | electrolyte interface promoting HER at
the cathode surface.

Considering the above, the possible reactions that describe the reduction of molybdate
ions to molybdenum oxide and the evolution of hydrogen during electrodeposition are the
following;:

4H20(l) + 4de” — 2H2(g) + A40H (51)

(ag.)

10MoO; electrical conductivity: 10* S cm =1 [98].
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MoOj,,. + 2H200) + 26~ — MoOys) +40H, (5.2)

q- ag.)

With regard to electrode So, clearly the cathodic current density had a more negative
magnitude during the whole experiment as can be seen in Figure [5.1} During the first 70
minutes the curve presented a concave shape, this behavior could be due to two main factors:

e Initial formation of the complex |NicitMoOs|aqs [92].

e Formation of the alloy MoOq(,)-NigH,) from [NicitMoOs]qqs.

The initial current density curve shape could be related to the partial blockage of the
electrode surface by an intermediate complex of the type [NicitMoOs|.qs which would be
formed under alkaline conditions at the working potential, as reported by Kuznetsov et al
[92]. The possible formation of the intermediate complex mentioned above would be given
by the following equation [92]:

MoO3,, ) + Nicit(aq) + 2H200) + 2~ — [NicitM0Os]aas +40H ™ (5.3)

Afterwards, the complex [NicitMoOs],qs gives rise to the formation of [Nig(OH)QHQCitQ]?;I_)
and MoOy(,) as shown in equation It is possible to assume that due to the complexing
ability of the citrate, the adsorbed species would slowly give way to the MoOy,)-NioHy,) alloy
formation within the first 70 minutes as illustrated in Figure (equations and [5.9)).

1
[NicitMOOg]ads + HQO(Z) + 2e” — MOOQ(S) + §[Ni2(OH)2HQCit2]4

(aq.)

(5.4)

The complex, [NiQ(OH)Qchitg]‘@_), which is the most stable form of the nickel at pH 9
[24] it would form NiyH(,) as indicated in the equation . This agrees with diagram (b),
which would indicate that at the electrodeposition experimental conditions, Ni;H would

be formed from the species adsorbed.

[Nio(OH o Hacits) . + H2Oq) + 5¢~ — NigHs) + 30H,, ) + 2Hcit]

(aq.) (aq.) (5.5)

In the next 110 minutes, the current density value continued to increase reaching appro-
ximately -29 mA cm~2 at 180 minutes. This current density had a more cathodic value than
that presented by electrode S; during the same period. This behavior would be linked to the
cathodic surface type. Chassaing [99] has reported that the nickel-molybdenum alloys are
a good catalyst for the HER under similar experimental conditions (pH 9.5 and polariza-
tion range: from - 1.3 to -1.6V vs SSE) to those used in chronoamperometries made in this
research. The above would explain the cathode current density increase in the last 110 minu-
tes. This suggests that the MoOy,)-NiyH ) alloy exhibits better electrical conductivity than
the undoped molybdenum dioxide deposited on FTO-coated glass, promoting the hydrogen
evolution reaction at the cathodic surface easily as shown in Figure [5.1}
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5.2. Microstructural Analysis of the Undoped and Nickel-
Doped Molybdenum Oxide Photo-Anodes

In order to characterize the morphology of the undoped and nickel-doped molybdenum
oxide films deposited on FTO-coated glass, the electrodes S; and S, were analyzed by Scan-
ning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM).

The surface morphology of the undoped and nickel-doped molybdenum oxide photo-anodes
was observed through SEM and the micrographs are presented in Figure [5.4] According to
this figure, SEM analysis revealed the presence of several cracks on the surface of the photo-
electrodes S; and S,. The loss of water from the deposited films on FTO-coated glass and
the hydrogen evolution reaction during the electrodeposition process are probably the main
causes of the formation of cracks in these electrodes.

Figure 5.4: SEM micrographs of the deposits obtained by applying -1.377 V vs Ag/AgCl (3
M KCIl): (a) Photo-anode Ss, (b) Photo-anode S;. Magnification: 3,000x

Figure [p.4(a), shows a nickel-doped molybdenum oxide film on FTO-coated glass. This
figure allows to appreciate a film of heterogeneous (this point will be discussed in detail in
the AFM analysis section) and irregular morphology with conglomerates distributed on top
of the sustrate. These islands have an irregular shape (raspberry structures) that promote
large surface areas in the photo-anodes produced, which in turn must result in better light
exposure and more active sites for the PEC oxygen evolution reaction.

An SEM image of an undoped molybdenum oxide film on top of FTO-coated glass is
shown in Figure[5.4|(b). Unlike the nickel-doped molybdenum oxide films, it does not show the
presence of irregularly shaped conglomerates. Indeed, it forms an orderly and homogeneous
pattern over the entire surface of the photo-anode S;. This comparison reveals the advantage
of the MoOy(,)-NiyH(y) alloy in the electrode Sy, since the conglomerates of irregular shape in
this type of film would favor the PEC oxygen evolution reaction, due to the greater surface
area and availability of active sites on it.

An AFM image of a nickel-doped molybdenum oxide film is shown in Figure 5.5. According
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to this figure, MoOy(s)-NigHy) films exhibit an irregular surface morphology. Conglomerates
and randomly located clusters are clearly observed on the film surface, which agrees with
Figure [5.4(a) obtained by SEM analysis. A surface examination revealed that this hill-like
structures have an average width of 182 nm. The height of these conglomerates varied from
250 to 1,159 nm. Moreover, Figure 5.5(a) shows that the film surface does not follow the
pattern of the FTO-coated glass. In contrast to this, Figure 5.5(b) corroborates that the
photo-anode S; presents a film deposited without the presence of irregularly shaped conglo-
merates as illustrated above in Figure (b) The AFM image of the undoped molybdenum
oxide film presented in Figure 5.5(b), indicates the presence of a homogeneous film on the
FTO-coated glass surface.

(ﬂ) Nickel-doped molybdenum oxide film

FTO-coated glass

(b) Undoped molybdenum oxide film

FTO-coated glass

Figure 5.5: AFM image of the photo-anodes Sy (a) and S; (b) surface: 3D topography.

To determine the thickness of the deposits, the step formed between the clean FTO-coated
glass surface and the deposit was considered. The above is illustrated in Figure 5.6.
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Figure 5.6: Step on the deposited film in the electrode Ss.

Deposited film

Previously, thicknesses ranging between ca. 219 nm [8I] and 1150 nm [2I] have been
reported for molybdenum oxide films obtained by electrodeposition. In this research the
thicknesses determined by AFM showed that the photo-anode Sy presents a film E on the
substrate with an average thickness of 763 nm, while the electrode S; has a deposited film
with an average thickness of 438 nm on FTO-coated glass, which is thinner than the film
obtained on the substrate of the electrode S;. Both values are within the ranges reported
in the literature [8I] [2I]. For the photo-anode Ss it is possible to assume that the nickel
presence could modify the morphology and the thickness of the generated films. Indeed,
Bozena Losiewicz [100] has reported that the nickel-based coatings are among the most often
used in order to obtain electrodes with very developed, rough, thick or porous electrode
surface. This is due to the easiness with which Ni?* penetrates within of interstitial spaces
and besides the reaction of Ni with the basal (molybdenum) or lateral (oxygen) atoms of
the metal oxide strucutre, modifying the morphology and properties of the semiconductor
material [T0T].

5.3. Compositional Analysis of the Undoped and Nickel-
Doped Molybdenum Oxide Photo-Anodes

The composition and chemical state of the elements forming the films were characterized by
Energy-dispersive X-ray Spectroscopy (EDS or EDX) and X-Ray Photoelectron Spectroscopy
(XPS).

Figures 5.7 and 5.8 show the EDS analyses for selected points (same micro-area used in
the SEM analysis presented in Figure of the photo-anodes S; and S,.

EDS spectra of the electrodes S; and S, corroborate a strong presence of molybdenum
(over 40 wt. % in both cases) in all the deposited films, which would be in the photo-anodes
mainly as MoO, (as suggested in Section 5.1 and by the XPS analysis) and MoOj3 (formed
from the partial oxidation of MoOs in contact with the atmosphere).

The presence of oxygen at the electrodes is also shown in the EDS spectra. The high

" The conglomerates present on the deposited film surface were not considered in the thickness measure-
ments. More details in appendix H
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Figure 5.7: EDS spectrum of the deposits obtained by applying -1.377 V vs Ag/AgCl. Photo-
anode Ss.
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Figure 5.8: EDS spectrum of the deposits obtained by applying -1.377 V vs Ag/AgCl. Photo-
anode Sj.

amount of oxygen (over 55 wt. % in both cases) corroborates the presence of MoOs/MoQO3.
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For the case of the photo-anode Sy, as can be seen in Figure 5.7, it is possible to find
nickel on the film surface of the photo-anode Sy (1.1 wt. %), which would be mainly as NiyH
obtained from the electrodeposition and NiOOH obtained from the partial oxidation of nickel
hydride in contact with the electrolyte during the electrodeposition.

Figures and show the Mo 3d XPS spectra for the undoped and nickel-doped
molybdenum oxide films. As can be seen, the deposited films on the photo-anodes S; and S,
contain the characteristic peaks of Mo*" situated approximately at binding energies of 230
and 232 eV, attributed to the presence of MoO, (Table , which agrees with the reaction
for both types of electrodes in section 5.1. However, at the same time it is possible to see
in all the films two characteristic peacks of Mo%* situated approximately at binding energies
of 232 and 235 eV, which would indicate the presence of MoOs as well (Table [G.1]). The pre-
sence of this type of oxide in the films would be explained by the exposure of the electrodes
to the atmosphere prior to the XPS analysis, which would lead to the surface oxidation of
deposited films. Consistent with this research, Scanlon et al. [T9] reported that for the peak
Mo 3d, samples of MoOs seemed to have a MoOj3 surface layer when these samples were
exposed to the atmosphere prior to XPS analysis and, therefore, it is likely that the data
included components associated with changes in the sample induced by exposure to oxygen.
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Figure 5.9: XPS spectrum of Mo 3d of photo-anode S,.
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Figure 5.10: XPS spectrum of Mo 3d of photo-anode S;.
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Figure 5.11: XPS spectrum of O 1s of photo-anode S,.
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Figure 5.12: XPS spectrum of O 1s of photo-anode S;.

The O 1s spectra for the films of the photo-anodes S; and Sy are shown in Figures 5.11
and 5.12. It is possible to appreciate in all the films two peaks situated approximately at
binding energies at 531 and 532 eV. In both photo-anodes the peaks at lower binding energies
mainly corresponds to metal oxides such as MoOy and /or MoOy3, whereas the peaks at higher
binding energies correspond to hydroxyl groups or adsorbed water on the surface i.e. Mo-OH
[102][103].

All the photo-anodes (S; and S,) presented a peak associated with carbon. The C 1s
XPS spectra are presented in appendix G (Figures 1 and .2). The carbon signal detected
would be associated with adventitious carbon normally found on the surface of the samples
exposed to the air or growth of carbonates on the surface of oxides.

In Figure 5.13, the XPS spectra in the region of Ni 2p is shown for electrode So. For this
sample, the Ni 2p exhibits a doublet Ni 2p;/, and Ni 2p3/,. Analysis of the Ni 2ps/, region
shows a main component centred at 858 €V for the peak Ni*T. This peak is assignable to
nickel oxyhydroxide (NiOOH) [104][105], which could be formed from the partial oxidation
of the nickel hydride formed in the film (see section 5.1) due to the presence of water in the
electrolyte. The above can be described by the following equation:

: _ 3
ngH(S) + 2[‘[20(1) — QNIOOH(S) + §H2(g) (5.6)

An additional peak at a higher binding energy (centered at 861 €V) can be seen in Figure
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5.13, which could correspond to a satellite structure [?] [L04][105]. It is important to mention
that the presence of satellite structures for nickel compounds with 0, +2 and +3 oxidation
states is common at higher binding energies [104][105]. In fact, in the case of the photo-anode
So, the correct assignment can be compromised by the complex main line splitting due to
multiplet contributions in oxyhydroxides and by satellite structures at higher binding energies
particularly in the most intense Ni 2p spectra where often the satellite structures are wide.
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Figure 5.13: XPS spectrum of Ni 2p of photo-anode S,.

5.4. Optical Characterization of Undoped and Nickel-Doped
Molybdenum Oxide Photo-Anodes

In order to have a complete optical characterization, analysis by UV-Visible Spectroscopy
and Tauc plots for the undoped and nickel-doped molybdenum oxide photo-anodes were
performed.

UV-Visible Spectroscopy analysis was used in order to determinate the absorbance of
the photo-anodes S; and S,. Figure shows the absorption spectra of the undoped and
nickel-doped molybdenum oxide electrodes.

According to Figure [5.14] the photo-anodes S; and S, formed a similar pattern in the wa-
velengths range used in UV-Visible analysis. As can be seen, in the undoped and nickel-doped

12Gatellite structures are due to a sudden change in Coulombic potential as the photo ejected electron
passes through the valence band [106].
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Figure 5.14: Absorption spectra of the obtained deposits in the synthesis of photo-anodes S;
and S,.

molybdenum oxide deposited films on FTO-coated glass, the absorption peak is reached at
wavelengths below 400 nm. It is evident that the photo-anode S, had a greater absorption
of light energy in the whole range of analyzed wavelengths, reaching its maximum in the UV
region (the maximum absorbance of this electrode was ca. 3.1 at A= 330 nm). As mentioned
in Section 5.2, this behaviour can be attributed to the film morphology on the eletrode S
surface. The presence of irregularly shaped conglomerates on the electrode surface, promote
large surface areas favoring the absorption of light energy [80].

In solar energy conversion systems, the optical band-gap energy (E,) of a semiconductor
electrode is a key parameter. Only photons of equal or higher energy than the band-gap energy
will be absorbed by the semiconductor film. The optical band-gap value of the deposited films
was determined by the analysis of Tauc plots.

Tauc plots of electrodes S; and Sy are depicted in Figures and According to
the Figure the photo-anode Sy exhibits a band energy value of 2.58 eV, which could be
attributed to the incorporation of Ni** in the MoO,/MoQj3 structures, contributing to the
formation of a shallow donor energy level below of the conduction band of the molybdenum
oxide. In contrast to this, the photo-anode S; has a higher band-gap (ca. 3.15 eV, Figure [5.16))
than the values obtained in direct transitions in other research [2I][81] for electrodeposited
molybdenum oxides in similar conditions to this research, which implies that this type of
electrode could present a greater resistance to the passage of electrodes from the valence
band to the conduction band of the molybdenum oxide deposited on the FTO-coated glass.
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Semiconductor materials large band-gap as in the case of the undoped molybdenum oxide
photo-anodes results in a reduced use of the solar spectrum [66].
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Figure 5.15: Allowed direct band-gap Tauc plot of the deposits obtained in the synthesis of
the photo-anode Ss.
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Figure 5.16: Allowed direct band-gap Tauc plot of the deposits obtained in the synthesis of
the photo-anode S;.
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9.9.

periods of darkness and light. In these experiments, white light and ultraviolet light (A,az

Photo-Electrochemical Characterization of the Un-
doped and Nickel-Doped Molybdenum Oxide Photo-

Anodes

To determine the presence of photo-activity and conductivity type presented by the films,
Open Circuit Potential (OCP) tests were performed. Each measurement was made alternating

385 nm) were used as the source of illumination. The results are shown in Figures and
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Figure 5.17: Open circuit potential curves of the electrode S;. The measurements were made
under white light and darkness for 45 minutes.
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Figure 5.18: Open circuit potential curves of the electrode S;. The measurements were made
under white light and darkness for 45 minutes.
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The photo-anodes S; and S, form a similar pattern during the OCP analysis. According to
the information provided by Figures and when the electrodes are illuminated the
potential curves move towards more cathodic values, regardless of the source of illumination.
This indicates that photo-electrons and photo-holes are effectively separated (presence of
photo-activity). Besides, these potential curve behavior is associated with n-type conductive
materials (Appendix B, section B.1).

Representative linear sweep voltammograms of the electrodes S; and S, obtained in an
electrolyte of NapsSO4 0.1 M at pH 3.5 are presented in Figures and [5.20] Aditionally,
in order to obtain a better understanding of the phenomena in the system in which the
photo-electrochemical experiments were carried out, Eh-pH diagrams for the molybdenum
and nickel species have been elaborated. Figures and shows the diagrams obtained
which will be used to interpret and describe the processes that occur during the linear sweep
voltammetries.
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Figure 5.19: Linear sweep voltammograms of the electrode S, obtained in an electrolyte of
NaySO,4 0.1 M at pH 3.5 under dark, white light and UV illumination (wavelength = 385
nm).

The analysis of the linear sweep voltammetries (Figure for the photo-anode S, shows
two peaks centered at 0.2 V (ca. 0.4 V vs SHE) and 0.75 V (ca. 0.95 V vs SHE) when the
electrode is illuminated (white light and UV light). These peaks could be associated to the
redox transition of Mo** to Mo®*. Likely, in the acidic electrolyte used in this voltammetry,
the formation of HoMoO, from the MoQOs present in the electrode surface begins at this
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potential range according to the following reaction mechanism:

HMOOg(S) + H(—;q.) +e MOOQ(S) + HZO([) (57)
H2M004(aq.) + H(—Zq.) +e HMOOg(s) + HQO([) (58)

The above agrees with the information provided by Eh-Ph diagram in Figure where
it is possible to appreciate that at the indicated pH and potential range, the formation of
HyMoOy from the MoQO, is favored.

On the other hand, the second peak also could be caused by the formation of NiO4(H50)
from NiOOH present in the film surface, according to the Eh-pH diagram in Figure [5.21] The
formation of NiOy(H50) is given by the following reaction:

NiOQ(HQO)(S) +H' e« NiOOH(S) + HQO([) (5.9)

(ag.)

As can be seen in the voltamogram in Figure 5.19, when the electrode is illuminated under
UV and white light there is an increase in the current density curves from ca. 1.3 V (ca. 1.5
V vs SHE) that would correspond mainly to two phenomena: (i) the PEC oxygen evolution
reaction present at the anode surface, which is to be expected in that potential zone. The
PEC oxygen evolution reaction is given by the next equation:

1
502(9) + QH(J;q) + 27 +— HQO([) (510)

And (ii) the possible increase in the photo-corrosion of the deposited film. It is possible
to assume that this behavior could be due to the photogenerated charge carriers in that
potential zone favor a more accelerated and /or strong semiconductor decomposition, resulting
in instability under illumination in the electrolyte [107].

In the LSV under dark polarization conditions of the photo-anode S, the presence of a
small peak around 0.2 V can be observed. This peak indicates that the MoO, present in
the deposited film could be dissolving in the electrolyte (equations 5.7 and 5.8). The current
increase at 1.4 V under darkness is related to the electrochemical oxidation of water molecules

(equation [5.10).
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Figure 5.20: Linear sweep voltammograms of the electrode S; obtained in an electrolyte of
NaySO,4 0.1 M at pH 3.5 under dark, white light and UV illumination (wavelength = 385
nm).
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Figure 5.21: Eh-pH diagrams for nickel at 298 K and 10° Pa. Activity of nickel species equal
to 1079 and activity of sulfate species equal to 1072
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Figure 5.22: Eh-pH diagrams for molybdenum at 298 K and 10° Pa. Activity of molybdenum
species equal to 107% and activity of sulfate species equal to 1072.

With respect to the photo-anode Sy, it is possible to see that under ultraviolet illumination
the current density curve (Figure presents similar peaks to the voltammograms obtained
for the photo-anode Sy under light conditions. This suggests that the formation of HoMoOy is
present during the study performed by voltametry in this electrode. When the voltammetries
are performed with white light or in dark conditions, the presence of a small peak around
0.6 V (ca. 0.8 V vs SHE) can be observed. This peak indicates that the MoOs present in the
deposited film could be dissolving in the solution. In the case of this electrode, an increase
in the current density curve under UV illumination can also be observed from ca. 1.4 V (ca.
1.6 V vs SHE) which correspond to the PEC oxygen evolution reaction present at the anode
surface.

For the undoped and nickel-doped molybdenum oxide photo-anodes, long term stability
tests under UV and white illumination at 1.23 V vs RHE were performed to simulate water
splitting conditions (since most materials studied to date cannot split water spontaneously),
during 60 minutes. Figures 5.23-5.26 show the behavior of these electrodes in the stability
tests.

The results of these tests show that for the undoped and nickel-doped molybdenum oxide
photo-electrodes that the current densities decrease rapidly (<600 seconds) reaching values
close to zero when applying a potential of 1.23 V. Photocurrent-time curves confirm that
these photo-electrodes exhibit a poor photo-stability. It is possible that this behavior is a
combination of (i) a chemically unstable photo-anode in the solution under the experimental
conditions, and (ii) photo-corrosion.

The analysis performed using LSVs and Eh-pH diagrams showed that photo-anodes are
chemically unstable in solution in the dark or during illumination generating mainly HoMoO,
from MoQs. In this case, efforts should be made to find an adequate electrolyte and suita-
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Figure 5.23: Photo-current vs Time Curves at 3 different pH: 2.5; 3.5 and 5.7. All of them at
1.23 V vs RHE at 20 mV s™!, during 60 minutes and UV light (385 nm).
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Figure 5.24: Photo-current vs Time Curves at 3 different pH: 2.5; 3.5 and 5.7. All of them at
1.23 V vs RHE at 20 mV s~!, during 60 minutes and white light.

ble experimental conditions (potential, pH or post-calcination treatment) in order that the
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Figure 5.25: Photo-current vs Time Curves at 3 different pH: 2.5; 3.5 and 5.7. All of them at
1.23 V vs RHE at 20 mV s, during 60 minutes and UV light (385 nm).
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Figure 5.26: Photo-current vs Time Curves at 3 different pH: 2.5; 3.5 and 5.7. All of them at
1.23 V vs RHE at 20 mV s~!, during 60 minutes and white light.
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electrodes can efficiently absorb sunlight to generate electron-hole pairs and that have a high
mobility and long lifetime to prevent electron-hole recombination within the material before
the electron-hole pairs reach the electrode(s) | electrolyte interface. Indeed, Morales et. al [24]
have reported that for water splitting applications, these films would need a post-calcination
treatment in order to obtain a stable photo-anode.

Additionally, the LSVs performed when the photo-anodes are illuminated (UV and white
light) showed the possible influence of the photo-corrosion on the electrodes photo-stability.
Photo-corrosion in aqueous environments is one of the most significant obstacles to the wi-
despread deployment of semiconductor materials as PEC cells for solar hydrogen production.
The photo-generated holes and electrons in semiconductor electrodes are generally characte-
rized by strong oxidizing and reducing potentials, respectively. Instead of driving the OER
or HER, these holes and electrons may oxidize or reduce the semiconductor itself, causing
undesired physical and chemical changes. Ling-Ju et. al. [107] have reported that the energy
position of the conduction and valence bands edges, rather than the width of the band-gap,
determines the stability of a semiconductor under illumination in aqueous solution. Consi-
dering the results obtained in the LSVs and stability tests, it is possible to assume that the
photo-anodes surface is susceptible to oxidative photo-decomposition which means that pho-
togenerated holes prefer to drive the self-decomposition of the photo-anodes instead of the
water oxidation reaction when the electrodes are illuminated. The above would be caused
because of the less positive oxidative photo-decomposition potential than the OER potential
X. For a more thorough understanding, Figure m.(a) illustrates a stable photo-electrode
against photo-corriosion, while Figure m(b) shows a semiconductor which is susceptible
to oxidative photo- decomposition because of the less positive oxidative photo-decomposition
potential than the OER potential as is the case of the undoped and nickel-doped molybdenum
oxide photo-electrodes.

Potential
Vvs RHE ((]) Reductive (b)

r s ..
decomposition
potential
Conduction

band edge

I

E (H'/H) =0.0

(H,0/07)=123

]

Valence
band edge

Oxidative
+ decomposition
potential

Figure 5.27: Classification of the semiconductor decomposition-redox potentials with respect
to the water-redox potentials: (a) The semiconductor is stable against photo-corrosion; (b)
The semiconductor is susceptible to oxidative photo-decomposition. Adapted from [107]
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5.6. Chapter Summary and Conclusions

Undoped and nickel-doped molybdenum oxide films were electrodeposited by applying
-1.377 V vs Ag/AgCl (3 M KCl) during 3 hours on an FTO-coated glass substrate immersed
in molibdate-citrate aqueous solutions.

Eh-pH diagrams developed by Morales et. al. |24] were used in order to identify the
electrodeposited species on the substrate for each fabricated electrode. From this study, it
was determined that the MoQOs is the species formed on the undoped molybdenum oxide
electrode surface (photo-anode S), while the MoO-NisH alloy would form the the nickel-
doped molybdenum oxide film (photo-anode Ss).

The microstructure of the photo-anodes was analysed using SEM and AFM techniques.
From these analysis, it was determined that unlike the undoped molybdenum oxide film
morphology which forms an orderly and homogeneous pattern over the entire photo-anode
surface, the nickel-doped molybdenum oxide films morphology is heterogeneous and irregular
with “hill- like” conglomerates of random orientation on top of sustrate. In addition, the
doped film has an average thickness of 763 nm, while the electrode S; has a deposited film
with an average thickness of 438 nm. All this suggests that the nickel doping had a significant
impact on the morphology type and the deposited film thickness.

The composition and chemical state of the elements forming the films were characterized by
X-Ray Photoelectron Spectroscopy (XPS) and Energy-dispersive X-ray Spectroscopy (EDS
or EDX). It was concluded that the photo-anodes surface was partially modified (oxidized)
due to the interaction with the atmosphere and the electrolyte during the electrodeposition.
It was revealed by XPS that MoO3 and NiOOH are present as a result of partial oxidation
of the MoO,-NiyH alloy in the photo-anode Sy, while MoO3 was detected in the photo-anode
S1 product of the partial oxidation of MoO5 on the eletrode surface. On the other hand, EDS
analysis shows in all the electrodes the presence of Mo (over 40 % wt.) and O (over 55 % wt.),
which confirms that the films are composed of molybdenum oxides. Moreover, nickel in small
quantities (1.1 % wt.) was found in the nickel-doped molybdenum oxide photo-anode, which
would be mainly as NioH obtained from the electrodeposition and NiOOH obtained from the
partial oxidation of nickel hydride in contact with the electrolyte during the electrodeposition
process.

The photo-anodes S; and S, absorb UV and blue light (ca. wavelengths from 300 to
500 nm) and present a direct (allowed transitions) band-gap. Tauc plots showed that the
nickel-doped molybdenum oxide film of irregular morphology had the lowest optical band-
gap energy value (2.58 eV) as compared with the photo-anode S; (3.15 V), that results in a
better use of the solar spectrum.

These photo-anodes are susceptible to oxidative photo-decomposition which means that
photogenerated holes prefer to drive the self-decomposition of the photo-anodes instead of
the water oxidation reaction when the electrodes are illuminated. The above would be caused
due to the oxidative photo-decomposition potential is less positive than the OER potential.

The undoped and nickel-doped molybdenum oxide photo-anodes have an optimal band-
gap (electrode S;: 3.15 eV and electrode Sy: 2.58 €V) for harnessing sufficient sunlight but
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it do not present a favorable band-edge positions for driving overall water splitting and do
not exhibit a stability in aqueous solution, which are the main limiting factors for the use of
conventional photovoltaic semiconductors as photo-electrodes.

For chemically stable photo-anodes, efforts should be made to find an adequate electrolyte
and suitable experimental conditions (potential, pH or post-calcination treatment). In the
case of the undoped and nickel-doped molybdenum oxide photo-electrodes, Morales et. al [24]
have reported that for water splitting applications, these films would need a post-calcination
treatment in order to obtain stable photo-anodes. It is suggested to avoid contact with acid
solutions of these photo-anodes, since it favor the degradation of deposited films. Moreo-
ver, when carrying out characterizations by voltammetries, it is recommended not to apply
cathodic potentials, due to the possible formation of sulfides on the electrodes surfaces.
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Chapter 6

Synthesis and Characterization of MoQO,,
WO3 and W-doped MoO, Photo-Anodes

This chapter presents and discusses the synt-
hesis and characterization of MoO,, WOz and
W-doped MoQ, photo-anodes. The films were
synthesized by spin-coating at 4,000 RPM
applied for 40 seconds. Post-deposition heat
treatment of the films was performed at 470
°C. The films composition and crystallinity
were characterized by XRD analysis.

In order to have a complete optical cha-
racterization, UV-visible spectrophotometry
data was analysed using Tauc plots, to
determine the films band-gap, and photo-
electrochemical performance of photo-anodes
was evaluated by photocurrent-potential (J-V)
and photocurrent-time (J-t) curves.
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6.1. Spin-Coating Process: Synthesis of MoO,, W03 and
W-doped MoO, Photo-Anodes

The spin-coating experiments were carried out according to the protocol described in
subsection 4.6.1. Figure [6.1| shows the films obtained at 4,000 RPM applied for 40 seconds
for the synthesis of photo-anodes and subsequent heat treatment at 470 °C for 2 hours.

MoOs film  WOj; film MoO,/WO; film
S3 Sy Sz

MoO,/WO; (3 films)
Se

t

Figure 6.1: Obtained deposits by spin-coating.

As can be seen in Figure 6.1, most of the films obtained by spin-coating are almost
transparent (electrodes S3, Sy and Ss). It is important to mention that all these transparent
electrodes have a film composed of a single layer. The only exception is the photo-anode Sg
which has a film composed of three layers. This electrode presents a slight yellow coloration
due to the presence of tungsten oxide [108] .

In order to have a global characterization of these films, microstructural, compositional,
optical and photo-electrochemical analyzes were performed, which are described in the follo-
wing subsections.

6.2. Microstructural Analysis of MoO,, WO3; and W-doped
MoO, Photo-Anodes

The morphology of the synthesized films was evaluated using Scanning Electron Micros-
copy (SEM). Figure shows SEM images of the surface of the photo-anodes prepared by
spin-coating and subsequent annealing at 470 °C.

The pure MO, film image is shown in Figure [6.2|a). The photo-anode S3 does not exhibit
a homogeneous morphology, since it is possible to see substrate areas. In addition, the deposit
presents conglomerates of irregular shape. Probably these areas are composed of molybdenum
trioxide, MoQOg3, because it is the most stable form of the molybdenum oxides after of annealing
processes at high temperatures.

An SEM image of a pure WO3 film is shown in Figure [6.2b). It seems that only FTO-
ABS is present in this sample, which could be explained by an extremely thin WOj3 film
produced on the surface of the substrate. This observation is corroborated by XRD analysis
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Figure 6.2: SEM images of electrodes: (a) S3, (b) Sy, (¢) S5 and (d) Se.

and photo-activity measurements, which show that there is a deposited film on the sustrate
(see Sections 6.3 and 6.5 for more details).

The surface morphology of the films S5 and Sg are presented in Figures [6.2)(c)-(d). It is
possible to appreciate that the electrodes S; and Sg present a microstructure similar to that
presented by the electrode S3 (MoOj film). Probably this photo-anodes are composed by
MoOj (conglomerates of irregular shape) and WO; (areas that at first glance seem to be
only substrate).

6.3. Compositional Analysis of the MoO,, WO3; and W-
doped MoQO, Photo-Anodes.

The films composition and crystallinity were characterized by XRD analysis. Figure [6.3]
shows the XRD patterns of the resulting films on FTO-ABS.

According to the XRD patterns of the fabricated films on FTO-ABS in Figure the
photo-anodes S3, S5 and Sg exhibit diffraction peaks corresponding to orthorhombic structure
of MoO3. Indeed, these diffraction peaks (at 26 25.8 and 37.8°) are indexed to the diffraction
planes (0 4 0) and (0 6 0) of crystalline orthorhombic structure of MoOj; (database: JCPDS
no. 05-0508 [109]). This suggests that after annealing at 450 °C, that irregular shape conglo-
merates distributed on top of the sustrate could be molybdenum oxide (VI). Complementary
studies such as EDS analsis would help in determining a more accurate composition of these
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Figure 6.3: XRD patterns of the MoO,, WO3 and W-doped MoQO, photo-anodes.

electrodes.

The XRD data show a diffraction peak triplet at 20 23.2, 23.7 and 24.4 ° in the photo-
anodes Sy, S5 and Sg and aditionally, a minor intensity peak at 34.4 ° in the electrode Sg
which corresponds to (0 0 2), (0 2 0), (2 0 0) and (2 0 2) diffraction planes, indicating
a monoclinic crystal structure of WO3 in accordance with JCPDS-ICDD card no. 89-4476
[110]. It is important to mention that, although the morphological analysis by SEM did not
show the presence of WO3 films in the S, electrode, the XRD analysis confirms that this
photo-anode has a WO3 layer on top of the sustrate, which probably was not detected by
SEM due to its thickness. From this analysis it can be concluded that the electrodes S; and
S¢ are composed of an alloy of MoO3-WO3.

6.4. Optical Characterization of MoO,, WO3; and W-doped
MoO, Photo-Anodes

Analysis by UV-Visible Spectroscopy for the photo-anodes was performed. The above is
illustrated in Figure [6.4

According to this Figure, the photo-anodes formed a similar absorption pattern in the
wavelengths range used in UV-Visible analysis. As can be seen, in these electrodes the ab-
sorption peak is reached at wavelengths below 400 nm. It is evident that the photo-anode Sg
had a greater absorption of light energy in the whole range of analyzed wavelengths, reaching
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Figure 6.4: Absorption spectra of the obtained deposits in the synthesis of photo-anodes S3,
S4, S5 and SG-

its maximum in the UV region. This behavior could be caused by the greater amount of
material in this electrode (3 deposited layers in the film).

On the other hand, XRD patterns in Figure 6.3 show that there are two different phases
in some samples (electrodes S5 and Sg). This means that in this photo-anodes there are two
types of crystals, so it was expected to obtain two absorption peaks, but it is only possible
to see a peak not well defined on the UV-Vis spectra for this samples. The previous behavior
could be caused because of overlapping and not well defined crystals (or small crystals). In
such situation, the band-gap can not be measured reliably because the band-gap does not
exist well defined.

6.5. Photo-Electrochemical Characterization of MoO,, WOj3
and W-doped MoO, Photo-Anodes

The Photo-electrochemical performance of the photo-anodes synthesized was evaluated by
photocurrent-potential (j-E) and photocurrent-time (j-t) curves, which are shown in Figure

[6.5] and Figure [6.6] respectively.

Aditionally, in order to obtain a better understanding of the phenomena in the system
in which the photo-electrochemical experiments were carried out, Eh-pH diagrams for the
molybdenum and tungsten species have been elaborated. Figures and show the
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diagrams obtained which were used to interpret and describe the processes that occur during
the photo-electrochemical measurements.
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Figure 6.5: Current density-potential curves of the photo-anodes S3, S4, S5 and Sg.

j-E curves (Figure [6.5)) indicate that photo-anode Sg outperforms the rest, reaching about
80 pA em~? at 1.23 V vs RHE which is the minimum potential required for the water
splitting. This suggests that the amount of layers forming the film obtained by spin-coating
has a significant effect on the photo-anode performance. This improvement would be due to
the fact that there is more material that promote large surface areas in the photo-anodes
produced, which in turn must result in better light exposure and more active sites for the
PEC oxygen evolution reaction.

Photo-current time curves at 1.23 V vs RHE in Figure also confirm that photo-anode
Se¢ exhibits a good photo-current performance in comparison to the rest. However, these
results also reveal that all the electrodes lose stability during the experiment (the photo-
current decrease). According to the Eh-pH diagrams in Figures and the conditions
at which the experiments were performed could influence the electrode stability in the photo-
electrochemical tests. In fact, WO3~ and MoO3 ™ seem to be the most stable forms of tungsten
and molybdenum at the applied potential and at the pH of the electrolyte used in these ex-
periments (pH 6.73 and 1.23 V vs RHE). This, suggests that changing some experimental
parameters such as pH or/and electrolyte composition could be considered for future experi-
ments.
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Figure 6.6: Current density-time curves of the photo-anodes S3, S4, S5 and Sg.

6.6. Chapter Summary and Conclusions

MoO,, WO3 and W-doped MoO,, films were deposited on FTO-ABS by spin-coating at
4000 RPM applied for 40 seconds and subsequent heat treatment at 470 °C for 2 hours.

The microstructure of the photo-anodes was analyzed by SEM. It was determined that
the films morphology of the electrodes containing molybdenum oxide (photo-anodes Ss, S
and Sg) was heterogeneous and with irregular conglomerates of random orientation.

It was not possible to determine by SEM analysis the presence of tungsten oxides in the
electrodes Sy, S5 and Sg, due to the low thickness of these films or the zones possibly W-rich.

The composition of the films was characterized by XRD analysis. It was concluded that the
photo-anodes S3, S5 and Sg exhibit diffraction peaks at 260 — 25.8 and 37.8°, corresponding to
the orthorhombic structure of MoOjs ((0 4 0) and (0 6 0) diffraction planes), whereas photo-
anodes Sy, S5 and Sg present diffraction peaks at 20 = 23.2, 23.7, 24.4 °, and aditionally, a
minor intensity peak at 34.4 © in the electrode Sg corresponding to monoclinic structure of
WO;3; ((002), (020), (200) and (2 0 2) diffraction planes). Therefore, the electrodes S
and Sg present films composed for an alloy of MoO3-WOs5.

Some samples presented two phases not well defined (electrodes S5 and Sg). In such situa-

tion, the band-gap can not be measured reliably because the band-gap does not exist well
defined either.
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Figure 6.7: Eh-pH diagrams for tungsten at 298 K and 10° Pa. Activity of molybdenum
species equal to 107% and activity of sulfate species equal to 1072,

According to j-E curves (Figure the photo-anode Sg outperforms the rest throughout
the experiment, reaching about 80 A cm™2 at 1.23 V vs RHE. This suggests that the amount
of layers forming the film obtained by spin-coating has a significant effect on the photo-anode
performance. This improvement would be due to the fact that there is more material that
promote large surface areas in the photo-anodes produced, which in turn must result in better
light exposure and more active sites for the PEC oxygen evolution reaction.

Photocurrent-time curves at 1.23 V vs RHE in Figure [6.6 also confirm that photo-anode
S¢ exhibits a good photo-current performance in comparison to the rest. However, this study
reveals that all the electrodes lose stability during the experiment (photo-current decrease).

Eh-Ph diagrams were developed in order to analyse by a thermodynamic analysis the
films stability in each fabricated electrode. From this study, it was determined that in the
experimental conditions in which photo-electrochemical characterization (photocurrent-time
curves) was performed (pH 6.73 and 1.23 V vs RHE), WO3~ and MoOj~ seem to be the most
stable forms of tungsten and molybdenum. Therefore, it is suggested that pH or electrolyte
composition is revised for future work. An alternative is to use 0.1 M HySO4 as electrolyte
in the photo-electrochemical characterization tests instead of use NasSO,. Pennisi et. al.
have reported that tungsten-molybdenum oxide electrodes have a suitable stability and good

electrochromic properties using this type of electrolyte in voltammetries ranging from 0.6 to
-0.6 V vs SCE.
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Chapter 7

Conclusions

This thesis informed the study and performance characterization of photo-anodes based
on molybdenum oxides synthesized by two routes: (i) electrodeposition and (ii) spin-coating.

e Undoped and nickel-doped molybdenum oxide photo-anodes

Undoped and nickel-doped molybdenum oxide films were electrodeposited by applying
-1.377 V vs Ag/AgCl (3 M KCl) during 3 hours on an FTO-coated glass substrate immer-
sed in molibdatecitrate aqueous solutions at pH 9. A thin undoped MoOy/MoQOj3 film (438
nm) was obtained on the sustrate surface for the photo-anode S; and a thick MoOy/MoO3-
NioH/NiOOH film (763 nm) was deposited on the sustrate surface for the photo-anode Ss.

Specifically, for a n-type semiconductor (as the undoped and nickel-doped Molybdenum
oxide films) in a PEC, photogenerated holes initiate the OER at the surface of the semi-
conductor electrode and oxidize water to oxygen; whereas photogenerated electrons entering
the counter electrode drive the HER and reduce water to hydrogen. A semiconductor mate-
rial that can efficiently absorb sunlight to generate electron-hole pairs and that has a high
mobility and long lifetime to prevent electron-hole recombination within the material before
the electron-hole pairs reach the electrode | electrolyte interface is needed to achieve efficient
solar-to-hydrogen (STH) conversion. Although, the undoped and nickel-doped molybdenum
oxide photo-electrodes have an optimal band-gap (electrode Si: 3.15 eV and electrode Sy:
2.58 eV) for harnessing sufficient sunlight, the photo-electrochemical characterization showed
that these electrodes do not exhibit a stability in aqueous solution, which is one of the main
limiting factor for the use of conventional photovoltaic semiconductors as photo-electrodes.
For chemically stable photo-anodes, efforts should be made to find an adequate electrolyte
and suitable experimental conditions (potential, pH or post-calcination treatment). In the
case of the undoped and nickel-doped molybdenum oxide photo-electrodes, Morales et. al [24]
has reported that for water splitting applications, these films would need a post-calcination
treatment in order to obtain stable photo-anodes. Moreover, for these electrodes, it is also
suggested to avoid contact with acid solutions, since it favor the degradation of deposited
films on the photo-anodes surface and it is recommended not to apply cathodic potentials,
due to the possible formation of sulfides such as MoSy on the electrodes surface when the
photo-electrochemical characterization is performed.
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On the other hand, photo-corrosion in aqueous environments is one of the most significant
obstacles to the widespread deployment of semiconductor materials as PEC cells for solar
hydrogen production. When photo-corrosion affects an anode in a PEC, photo-generated holes
prefer to drive the self-decomposition of the semiconductor instead of the water oxidation
reaction, resulting in instability under illumination in aqueous solution. This is caused due to
the semiconductor has a less positive oxidative photo-decomposition potential than the OER
potential. The undoped and nickel-doped molybdenum oxide films are susceptible to oxidative
photo-decomposition as indicated in section 5.5. Various strategies to solve this instability
problem have been explored. The most attractive is the protection of the semiconductor by
a suitable oxide thin film, resistant to the electrolyte and transparent to sunlight [112] and,
therefore it is suggested to consider this option for a future work.

e MoO,, WO3; and W-doped MoO, photo-anodes

MoO,, WO3 and W-doped MoO,, films on FTO-ABS were deposited by spin-coating at
4,000 RPM applied for 40 seconds and subsequent heat treatment at at 470 °C for 2 hours
. Most obtained films were almost transparent (electrodes S3, S, and S). It is important to
mention that all these transparent electrodes had a film composed of a single layer. The only
exception was the photo-anode Sg which had a film composed of three layers.

The XRD analysis indicated that the deposited films on FTO-ABS were crystalline in
all the samples and that there was the presence of MoOj of orthorhombic structure on the
electrode Sz , while the electrode S; had monoclinic WO3; on its surface. In the case of
electrodes S; and Sg, showed films formed by orthorhombic MoO3; and monoclinic WO3. A
more detailed films analysis composition by EDS and XPS analysis should be performed in
order to determine the percentage composition and oxidation state of the species that formed
the films.

The morphology of the WO3 and MoO3-WO3; samples (phot-anodes Sy, S5 and Sg) was
complex to study, because through SEM analysis the WO3 presence could not be confirmed
due to the thinness of the films. Complementary characterizations such as AFM would help
to have more detailed information on the morphology of the synthesized films.

Almost all applications of semiconductors involve controlled doping, which is the substi-
tution of impurity atoms, into the lattice. Very small amounts of dopants dramatically affect
the conductivity of semiconductors. The microstructural analysis revealed that the electrodes
S5 and Sg are composed of two phases instead of being doped.

The j-E and j-t curves indicated that the electrode Sg had a better performance in the
photo-electrochemical characterization. This improvement would be due to the fact that there
is more material that promote large surface areas in the photo-anodes produced.

On the other hand, the electrodes did not have good stability (j-t curves decrease). As were
suggested for the undoped and nickel-doped molybdenum oxide photo-anodes, for chemically
stable photo-anodes an appropriate electrolyte and suitable experimental conditions must
be selected (potential, pH or post calcination). In order that these electrodes have a longer
lifetime, an alternative is to use 0.1 M HySO,4 as electrolyte in the photo-electrochemical
characterization tests instead of use NaySOy. Pennisi et. al. have reported that tungsten-
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molybdenum oxide electrodes have a suitable stability and good electrochromic properties
using this type of electrolyte in voltammetries ranging from 0.6 to -0.6 V vs SCE.
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Chapter 8

Future Work

From the photo-electrochemical characterization results reported for the performances and
stability of fabricated photo-anodes, future work could focus on:

1. Most metal oxides used as photo-electrodes belong to the so-called d° group, such as the
MoO3/MoOs. In order to improve light harvesting by reducing the band-gap and get a
better stability, the VB level of the semiconductor based photo-electrode can be raised
by partially substituting oxygen with other anionic species, such as N, S, or C [66].
Therefore, it could be considered these impurities in the synthesis of the molybdenum
oxides photo-anodes (by electrodeposition and / or spin-coating) in order to compare
the stability of the generated fillms and their performance in photo-electrochemical
cells.

2. To consider the use of stable materials in the synthesis of photo-anodes, instead of
use molybdenum oxides films on FTO-coated glass. Crystalline structures of the form
ABOQOj are promising candidates for both photo-anodes and photo-cathodes, since their
electronic properties can be often tailored by substituting the A or B site cations without
strong perturbation of the crystal structure and stability [66]. With the substitution
of proper metals the Fermi level, the band-gap energy and the density of states in the
conduction and valence bands can be tuned. Moreover, both transitions from n- to p-
type behaviour (and vice versa) and CB level tuning (e.g., in SrTiO3 or BaTiO3) can
be obtained by introducing suitable dopants [66].
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Appendix A

Electromagnetic Spectrum

For a better understanding of this work, two resources are attached: a summary of the
electromagnetic spectrum in Figure and Table where the range of wavelengths,
frequency and energy of each of the types of electromagnetic radiation are specified.

Table A.1: Wavelength ranges, frequency and energy of the electromagnetic spectrum. Ob-

tained from EESEMI [113]

Electromagnetic spectrum

Name Wavelength Frequency (Hz)  Energy (eV)
Gamma Rays <0.02 nm >15 EHz >62.1 keV
X-Rays 0.01 nm — 10 nm 30 EHz — 30 PHz 124 keV — 124 eV
Ultraviolet 10 nm — 400 nm 30 PHz — 750 THz 124 eV — 3 eV
Visible Light 390 nm — 750 nm 770 THz — 400 THz 3.2 eV — 1.7 eV

Infrared 750 nm — 1 mm 400 THz — 300 GHz
Microwaves lmm-1m 300 GHz — 1 GHz
Radio 1 mm - 100,000 km 300 GHz — 3 Hz

1.7 ¢V — 1.24 meV
1.24 meV — 1.24 peV
1.24 meV — 12.4 feV
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Table A.2: Visible spectrum. Obtained from EESEMI [113].

Visible radiation Wavelength (10 %m)
Extreme infrared 40 < X <1000

Far infrared 6 < A <40
Medium infrared 1.5 < A <6
Near infrared 0.77 < A <1.5
Red 0.622 < A <0.770
Orange tree 0.597 < X\ <0.622
Yellow 0.577 < X\ <0.597
Green 0.492 < \ <0.577
Blue 0.455 < X <0.492
Violet 0.390 < X\ <0.455
Near ultraviolet 0.30 < A <0.39
Far ultraviolet 0.20 < A <0.30

Extreme ultraviolet 0.01 < )\ <0.20
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Figure A.1: Electromagnetic spectrum [114].
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Appendix B

Electrochemical Analysis

In this research project, two electrochemical techniques were used to study the phenomena
occurring in each system:

e Linear sweep voltametry: in the case of the photo-anodes obtained by electrodeposition,
this technique was used to determine the potential range at which electrodeposition of
undoped or nickel-doped molybdenum oxide films on FTO-coated glass occurs, and
to study the photo-activity of these electrodes for the oxygen evolution reaction in
dark, white light and under UV illumination. Regarding the photo-anodes obtained by
spin-coating, this technique was only used in order to study the photo-activity of the
tungsten-doped molybdenum oxide photo-electrodes in light and dark conditions.

e Chronoamperometry: In the case of nickel-doped molybdenum oxide photo-anodes this
technique was used to promote the electrodeposition of molybdenum oxide films on
FTO-coated glass. Also this technique was used to analyse the stability of the photo-
anodes obtained by spin-coating and electrodeposition at constant potential.

Additionally to these electrochemical techniques, measurements of the open circuit poten-
tial (OCP) the photo-anodes (undoped and nickel-doped molybdenum oxide electrodes) were
done to analyze the presence of photo-activity and conductivity type presented by the films.

In the following sections is presented a brief description of the electrochemical techniques
used to study the nickel /tungsten-doped molybdenum oxide photo-anodes.

B.1. Open Circuit Potential (OCP)

It is important to determine the conductivity and flat-band potential of a photo-electrode
before carrying out any photo-electrochemical experiments. These properties help to eluci-
date the band structure of a semiconductor which ultimately determines its ability to drive
efficient water splitting. Photo-anodes (n-type conductivity) drive the oxygen evolution reac-
tion (OER) at the electrode | electrolyte interface, while photo-cathodes (p-type conductivity)

100



drive the hydrogen evolution reaction (HER). The conductivity type is determined from the
direction of the shift in the open circuit potential upon illumination. Illuminating the elec-
trode surface will shift the Fermi level of the bulk (measured potential) towards more anodic
potentials for a p-type material and towards more cathodic potentials for a n-type material.

The illuminated OCP can be used to estimate the flat-band potential. In electrochemical
terms, the potential difference measured between two terminals of an electrical device when
disconnected from any circuit (no external load/no current flows) is known as open circuit
potential (OCP). In the case of an electrochemical cell this concept corresponds to the Nernst
potential and it was defined in Chapter 2 as the electrical voltage measured under equilibrium
conditions. It is important to consider that the measurements of OCP depend on some
parameters such as the operating temperature, pressure and activities of the species involved
in the reactions occurring at each electrode, among others.

B.2. Linear Sweep Voltametry (LSV)

In linear sweep voltammetry (LSV) a fixed potential range is used. The voltage is scanned
from a lower limit to an upper limit as shown in Figure [B.1ja).

(a) (b)
Potential Current
E,

.

E, E, Potential

Figure B.1: (a) Linear potential sweep, (b) Resulting linear sweep voltammetry

In this technique, the characteristics of the linear sweep voltammogram recorded depend
on some factors such as:

e The rate of the electron transfer reaction(s).
e The chemical reactivity of the electroactive species.

e The voltage scan rate.
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The current response is plotted as a function of voltage rather than time, unlike potential
step measurements as illustrated in Figure [B.1|(b).

Linear sweep voltammetry is successfully used in various commercial and/or industrial ap-
plications due to advantages such as its rapid response. In the case of this PhD project, this
technique has been useful in the determination of the adequate potential for the electrodepo-
sition of films on FTO-coated glass and in the study of the photo-activity of the synthesized
photo-electrodes under different operating conditions and for the photo-electrochemical cha-
racterization of the electrodes synthesized by spin-coating and electrodeposition.

B.3. Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential of the working
electrode is stepped and the resulting current from faradaic processes occurring at the elec-
trodes is monitored as a function of time. The charging current generated decay exponentially
with time while the species in the electrochemical cell reacts and the gradient of the concen-
tration profiles decays. This result provides a notion of the depletion/saturation processes
occurring at each electrode surface and their effect in the performance of the electrochemical
cell.

(@) (b)

E(-) T
Ew - — i
E,
Time ] Time —— ]

Figure B.2: (a) Potential step applied during a chroamperometry, (b) resulting chronoampe-
rometry

Figure B.2[(a) shows the potential function applied during a chronoamperometry experi-
ment. A characteristic response to this potential pulse is illustrated in (b), where the measured
current is plotted as a function of time.

This electrochemical technique has been of vital importance in this research in the ma-
nufacture of photo-anodes and to study their long-term stability when used in a photo-
electrochemical cell.
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Appendix C

Techniques for Microstructure and
Composition Characterization

The composition of the undoped and nickel /tungsten-doped molybdenum oxide films was
characterized by XPS, EDX and XRD analysis, while the microstructural characterization
was carried out by AFM and SEM. The XRD analyzes were also used to characterize the
crystallinity of the deposits of tungsten-doped molybdenum oxide films.

C.1. Scanning electron microscopy (SEM)

This type of microscope is an electronic device which allows analysing the surface structure
of a sample by scanning it with a high-energy beam of electrons in a raster scan pattern.
In the scanning process, the electrons interact with the atoms that make up the sample
producing signals that contain important information related to the surface topography and
other properties of the sample, such as its electrical conductivity [IT5].

In a conventional SEM the types of signals produced involve secondary electrons, back-
scattered electrons (BSE), characteristic X-rays, light (cathode-luminescence), specimen cu-
rrent and transmitted electrons [IT5].

In the scanning process, the energy exchange between the electron beam and the sample
results in the reflection of high-energy electrons by elastic scattering, emission of secondary
electrons by inelastic scattering and the emission of electromagnetic radiation, each of which
can be detected by specialized detectors to create digital images [173].

In this research work, the scanning electron microscope was used to provide information
about the microstructure of the undoped or nickel/tungsten-doped molybdenum oxide photo-
anodes films.
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C.2. Energy-Dispersive X-ray Spectroscopy (EDS or EDX)

This technique is based on the examination and analysis of a set of peaks obtained when
the sample is excited using a high-energy beam of charged particles, such as electrons or
protons, or an x-rays beam. The characterization capabilities of the EDS are due in large
part to the fundamental principle that each element has a unique atomic structure allowing
unique set of peaks on its X-ray spectrum [115].

Any EDS device has four primary components: (1) the excitation source (electron beam or
X-ray beam), (2) the X-ray detector, (3) the pulse processor, and (4) the analyser. Electron
beam excitation is used in scanning electron microscopes (SEM), which means that usually
SEM and EDS techniques can be applied using the same equipment, as in the case of the
first stage of this research project.

For this thesis, EDS measurements provided a preliminary elemental analysis of the com-
pounds formed on the surface of FTO-coated glass used as a substrate for the undoped or
nickel-doped molybdenum oxide photo-anodes obtained by electrodeposition.

C.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique to determine the atomic and molecular
structure of a polycrystalline sample using the diffracted pattern produced when an X-ray
beam strikes the electrons (scatterers) contained in the atoms of the crystals. In this X-ray
method, a regular array of scatterers produces an array of spherical waves which could cancel
one another in most directions (destructive interference) or constructively interfere in a few
specific directions generating a diffracted beam characterized by Bragg’s law [116]:

2dsinf = nA (C.1)

In the above equation, d, is the spacing between diffracting planes of the crystal, 6 is the
incident angle of the X-ray beam, n is any integer, and )\ is the wavelength of the beam.

It is important to mention that Bragg’'s law is a simple expression relating the x-ray
wavelength and interatomic spacing to the angle of the diffracted beam. If for some reason
the Bragg’s law is not satisfied, then the interference will be non-constructive in nature so
as to yield a very low-intensity diffracted beam. X-rays are used in order to produce the
diffraction pattern because their wavelength A is typically the same order of magnitude (1 —
100 angstroms) as the spacing d between planes in the crystal, which is necessary to produce
significant diffraction.

In this research work, XRD analysis was used to identify the composition of the deposits
formed on the surface of FTO-ABS used as a substrate for the undoped or tungsten-doped
molybdenum oxide photo-anodes obtained by spin-coating.
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C.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for Che-
mical Analysis (ESCA) is a widely used surface analysis technique due to the broad range
of materials that can be analyzed with it and provides important quantitative and chemical
state information from the surface of the material being studied [117].

XPS is usually accomplished by exciting a samples surface with mono-energetic Al ka X-
rays generating photoelectrons to be emitted from the sample surface. In this technique, an
electron energy analyzer is used to measure the energy of the emitted photoelectrons. From
the binding energy and intensity of a photoelectron peak, the elemental identity, chemical
state, and quantity of a detected element can be determined.

The average depth of analysis for an XPS measurement is around 5 nm and the information
XPS provides about surface layers or thin film structures is crucial for many industrial and re-
search applications where surface or thin film composition plays a critical role in performance
such as: nanomaterials, photovoltaics, catalysis, corrosion, adhesion, electronic devices and
packaging, magnetic media, display technology, surface treatments, and thin film coatings
used for numerous applications, among others [117].

In this investigation, this technique was used for the analysis of the undoped or nickel-
doped molybdenum photo-anodes in order to determine the existence of molybdenum on the
surface of the deposits formed and determine the relative abundance of the oxidation states
of the Mo.

C.5. Atomic Force Microscopy (AFM)

The atomic force microscope (AFM) is one type of scanning probe microscopes (SPM).
SPMs are designed to measure local properties with a probe in a sample including: height,
friction and magnetism. To acquire an image, the SPM raster-scans the probe over a small
area of the sample, measuring the local property in parallel [118].

AFMs work by measuring force between a probe and the sample. Usually, the probe is a
sharp tip, which is a 3-6 um tall pyramid with 15-40 nm end radius. Although the lateral
resolution of AFM is low (~ 30 nm) due to the convolution, the vertical resolution can be
up to 0.1 nm [118].

The AFM technique was used in this thesis to obtain information on the morphology
of the surface and the thickness of the films of the undoped or nickel-doped molybdenum
photo-anodes deposited on FTO-coated glass.
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Appendix D

Technique for the Optical
Characterization

In order to have a complete optical characterization, analyzes by UV-Visible Spectroscopy
for the photo-anodes were performed.

D.1. Ultraviolet—Visible Spectroscopy

UV-V spectroscopy measures the absorption of light of a sample (solid transparent or
liquid) in the ultraviolet and visible light wavelengths ranges. Usually, samples are dispensed
into cuvettes in the case of liquid or in the case of solids they are fixed in a position that
favors the measurement. In both cases the samples are placed in the path between a UV-V
light and a detector. According to Beer-Lambert’s law, with a constant light path length and
known absorption coefficient (dependent upon wavelength), the concentration (in a liquid)
or the thickness (of a solid) can be determined from the light absorbed by the sample at that
wavelength.

UV-visible spectrophotometry was used in this research to determine the absorbance and
band-gap of the undoped and nickel/tungsten-doped molybdenum oxide films produced.
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Appendix E

Tauc Plot - Determining Optical
Band-Gap

A Tauc plot is a method used to determine the optical band-gap, or Tauc-gap, in semi-
conductors materials [119]. This parameter is often used to characterize optical properties of
materials such as metal oxides.

To build this type of diagrams, the square root of the product of the absorption coefficient
and photon energy - (aE)?® - is plotted versus photon energy. Usually, the curve should have
a section of straight line. If extended to the x-axis, the x-intercept of this line gives the optical
band-gap as illustrated in Figure [E.1
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Figure E.1: An example of a Tauc plot [119].
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Appendix F

Additional EDS Results
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Figure F.1: EDS layered image of nickel-doped molybdenum oxide photo-anode.
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Figure F.2: EDS layered image of undoped molybdenum oxide photo-anode.
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Appendix G

Additional XPS Results
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Figure G.1: XPS spectrum of C 1s of photo-anode S,.

24 IS T T N T TN TN N TN N TN [N TN TN N NN TN SO TN AN NN N 1
22_: C 1s — Carbon

Counts /10° S™!

T T T l T T T l T T T l T T T l T T T l T T T
280 282 284 286 288 290 292
Binding Energy / eV

Figure G.2: XPS spectrum of C 1s of photo-anode S;.
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Table G.1: XPS spectrum of Mo 3d in different molybdenum oxides. Obtained from [120]
[121].

Mo3ds/2 (eV) Mo3ds;,2 (eV)
Muestra Mo (+4) Mo (+5) Mo(+6) Mo (+4) Mo (+5) Mo(+6)
MoOj3; 235.6 232.5
MoO; reduced 233 235.4 229.9 232,3
MoO, 233.1 235.4 230 232.3
MoO,; reduced 233.2 234.3 235.7 230.1 231.2 232.6
MoO, reduced 233.1 234 235.6 230 230,9 232.5
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Appendix H

Additional AFM Results

The thicknesses determined by AFM for the deposited film in the electrode Sy were mea-
sured without considering the conglomerates present on the film. Below there is an example

of calculation using the Gwyddion.
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Figure H.1: Step on the deposited film in the electrode S,

The measurements were repeated in different areas of the sample in order to obtain a

representative thickness.
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Appendix I

Photo-electrochemical cell

Figure I.1: Front-view number 1 of the photo-electrochemical cell.
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Figure 1.3: Front-view number 3 of the photo-electrochemical cell.
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Figure [.4: View number 1 of the lid of the photo-electrochemical cell.

6 mm

Figure 1.5: View number 2 of the lid of the photoelectrochemical cell.
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Figure 1.6: Photography number 1 of the photo-electrochemical cell.

Figure 1.7: Photography number 2 of the photo-electrochemical cell.
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Figure 1.8: Photography number 3 of the photo-electrochemical cell.
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Appendix J

Academic articles

Next, the academic articles and posters published and presented during this doctoral thesis
have been attached.

1. M. Garcia-Garcia, M. Colet-Lagrille*, Electrochemical fabrication of MoOs/MoO3-
based photo-anodes for water splitting, ECS Transactions, 77(9) 77-83, 2017

2. J. Morales-Santelices, M. Colet-Lagrille*, M. Garcia-Garcia, Speciation model of the
Mo(VI)-Ni(II)-Citrate-S(VI)-N(III) aqueous system for the study of the electrodeposi-
tion of molybdenum and nickel oxides films”, Journal of The Electrochemical Society,
165(9) 344-353, 2018.

3. Poster: Photo-electrochemical activity of molybdenum-nickel-based photo-anodes for
the oxygen evolution reaction, 69" Annual Meeting of the International Society of
Electrochemistry, Italia, septiembre 2018.
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Electrochemical Fabrication of M 0oO2/M 003-based Photo-Anodes for Water
Splitting

M. Garcia-Garcia and M. Colet-Lagrille

Departament of Chemical Engineering and Biotechnology, Universidad de Chile,
Beauchef 851, Santiago, Chile

Photo-electrochemical cells are a promising technology for the
environmentally-benign production of hydrogen using solar energy.
In this kind of cells, a photo-active material is coated or deposited
on a substrate (e.g. fluorine-doped tin dioxide(FTO)-coated glass)
which acts as current collector and support. In this research project,
a molybdenum oxide layer is electrochemically deposited on the
surface of a FTO-coated glass working electrode immersed in a
solution containing 0.075 M molybdate (M&Q, 0.075 M nickel
sulfate (NiSQ-6H0), 0.5 M tri-sodium citrate (N&sHsO07- 2H0)

and 0.7 M ammonium hydroxide (NGH), by applying a
potential of -1.377 V vs Ag/AgCl (3 M KCI) during 3 hours. The
characterization of the photo-anodes produced suggests tlat the
present semiconducting and catalytic properties which make them
attractive for their application in a photo-electrochemical cell for
water splitting.

I ntroduction

An 80% of the total thermal and electrical energy produced worldwide comes from the
combustion of fossil fuels, implying that it is not generated cleanly and sustainably (1). In
addition, fossil fuels are non-renewable, which motivates the study and development of
systems for energy generation based on renewable sources (e.g. sunlight or wind) that,
also, are environmentally friendly.

In this scenario, an attractive alternative to fossil fuels is hydrogen (2,3), which
combustion (oxidation) in an electrochemical cell (fuel cell) produces electricity and
water as the reaction product. On the other hand, considering that water is a convenient
and abundant source of hydrogen, a significant amount of research has been carried out
on the development of systems that use renewable energy sources (particularly, solar
energy) for hydrogen production via water splittiny (4

O(l) — Ha(g) + %2 O(g), AG°(298K) = 237 kJ mot [1]

This Gibbs free energy of reaction is equivalent to a potential diffeeBte 1.23 V,

which corresponds to the minimum potential that has to be applied between the
electrodes (anode and cathode) of an electrochemical cell to promote the water splitting
reaction [1].

Photoelectrochemical cells offer a promising method for hydrogen production
directly driven by solar energy (4). Indeed, the anode and/or cathode of these cells are
made using semiconductor materials capable of absorbing the energy of the photons in
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Speciation Model of the Mo(VI)-Ni(II)-Citrate-S(VI)-N(III)
Aqueous System for the Study of the Electrodeposition of
Molybdenum and Nickel Oxides Films

J. Morales-Santelices, M. Colet-Lagrille,

z and M. Garcia-Garcia

Department of Chemical Engineering, Biotechnology and Materials, Faculty of Physical and Mathematical Sciences,
Universidad de Chile, Santiago, Region Metropolitana, Chile

A speciation model is proposed for the determination of the concentration of different species formed in an aqueous solution
containing Mo(VI), Ni(II), citrate, ammonia and sulfate at 298 K, 10° Pa and variable pH and Mo(VI)/Ni(II) activity ratios. This
solution is to be used as electrolyte in the electrodeposition process of thin films of Mo and Ni oxides, which appear to be a promising
material for the fabrication of photo-anodes for water splitting in photo-electrochemical cells. The speciation model comprises 53
species and their stability constants, which are related through molar and charge balances to estimate the composition of the solution
given a pH value and formal concentrations. As a result, predominance and distribution diagrams are produced, based on which
electrolyte conditions (pH and central species concentrations) are recommended to maximize the availability of desired species for
the electrodeposition process. Eh-pH diagrams for molybdenum and nickel species at the recommended activities (10~ for Mo and
Ni species, and 10~! for citrate, ammonia and sulfate species) are also produced, to determine the adequate potential range to be

applied for the electrodeposition of Mo and Ni oxides films.

© 2018 The Electrochemical Society. [DOI: 10.1149/2.0191809jes]

Manuscript submitted March 9, 2018; revised manuscript received May 4, 2018. Published June 1, 2018.

Molybdenum oxides have recently emerged as a promising al-
ternative in the search of new semiconductor materials to fabricate
photo-electrodes for driving the water splitting reaction (WSR).!? It
has been reported that some compounds of the MoOy family present:
(i) n-type semiconduction;? (ii) relative band edge positions in aque-
ous electrolytes* and bandgap energy values® (E, > 1.23 eV) suitable
for harvesting enough energy to drive the oxygen evolution reaction
(OER) in a water splitting photo-electrochemical cell.*® In addition,
molybdenum presents three stable oxidation states (+4 to +6), which
is a desirable property for a catalytic surface in electron transfer me-
diated processes.’

Electrodeposition provides a simple, cheap, scalable and manu-
facturable fabrication method of semiconducting materials.® In this
context, it is widely accepted that factors such as the electrolyte
properties (concentrations of precursors and other compounds dis-
solved, solvent, pH), the type of substrate, and the electrodeposition
parameters (electrode potential, current density, time), influence the
morphological and photo-electrochemical properties of the generated
semiconducting deposits (films).®* The understanding of the thermo-
dynamic stability of the aqueous electrolyte involved is crucial for
the engineering of these parameters, and thus reaching higher solar-
to-hydrogen conversion efficiencies (STH) in photo-electrochemical
cells containing these photo-electrodes. '’

In parallel with the studies on the photo-electrochemical ap-
plications of molybdenum oxides, the use of nickel as a catalyst
has stood out during the last years, with several applications.'' It
is known that the presence of nickel in electrodes provides cat-
alytic activity for both the OER and the hydrogen evolution reac-
tion (HER) in aqueous solution,'? which in addition with the proper-
ties stated above for molybdenum oxides makes attractive the idea
of studying photo-electrodes based on mixed molybdenum-nickel
oxides.

The co-deposition of nickel(II) with molybdenum(VI) in aqueous
media at cathodic potentials has been previously reported.!*!* Cit-
rate has been added to aqueous electrolytes used in both nickel and
molybdenum electrodeposition in several works,'>"'® because of its
complexing ability'*?° which allows to increase the solubility of met-
als. Besides, citrate is a weak polyprotic acid and therefore acts as a
buffer.?! It has also been stated that citrate interferes favorably in the
mechanism of the co-deposition of nickel and molybdenum."> Simi-
larly to the addition of citrate, ammonia is added to these electrolytes
following the same logic: the formation of nickel complexes>* and an

“E-mail: mcolet@ing.uchile.cl

increase of the solution buffering capacity in more alkaline conditions
with respect to what citrate can do by itself.

The objective of this work is to develop a speciation model with
thermodynamic data of the Mo(VI), Ni(Il), citrate, sulfate and ammo-
nia aqueous system. This model aims to determine the equilibrium
concentrations of different species in solution to produce predom-
inance and distribution diagrams. In addition, Eh-pH diagrams are
produced for molybdenum and nickel species based on the specia-
tion model results. All these diagrams are useful for choosing the
most favorable electrolyte composition and the potential to be ap-
plied for the electrodeposition of molybdenum and nickel oxides
films.

It should be noted that the thermodynamic results presented in
this work are also useful for the study of the electrodeposition of
molybdenum-nickel metal alloys, which are of interest in areas as
diverse as corrosion protection and catalysis.'3~'¢

Model Description

Speciation model.—The speciation model consists of a set of mo-
lar and charge balances, which comprises a system of non-linear equa-
tions whose inputs are the pH and the moles of each compound added
to the electrolyte per kilogram of pure water. Using a set of equi-
librium constants at 298 K, 10° Pa and in the limit of zero ionic
strength®, a computational routine was developed to solve this system
of equations and determine the composition of the electrolyte at the
thermodynamic equilibrium as schematized in Figure 1.

The 53 species included in the speciation model are enumerated in
Table I and classified in Figure 2°. Each of them is associated with: a
number, a reversible reaction in aqueous medium and an equilibrium
constant. The stoichiometric coefficients and pK values**~’ are as-
sociated with a generic hydrolysis reaction which involves a species

2The constants that were reported in media with ionic strength different from zero were
extrapolated using the following equation presented in the OCDE Guidelines for the
Extrapolation to Zero Ionic Strength:>

o VIn "
pKi(In=0) = pK;(Iw) (A T 0.3/1;) Zj:vjzj

where v; are the stoichiometric coefficients associated to the reaction linked to species J,
and z; the unitary charge of each of the aqueous species involved in this equilibrium. pK
values obtained this way are marked with an asterisk in Table I.

"The notation for molybdenum-citrate complexes is taken from the work of Cruywa-
gen, Rohwer and Wessels.>* [p,q.r] stands for the product of the reaction: p MoOi(;q) +
[2p+3q—r]—

q Hcitfaj]) +rHG, < [p.q. 1l

(aq)
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( Photo-electrochemical cells (PECs) are a promising technology that can
use solar energy to promote the water splitting reaction to produce hydro-
gen and oxygen gases [1]. In PECs a photo-active material is coated or
deposited on a substrate (e.g. fluorine-doped tin dioxide (FTO) -coated
glass), which acts as current collector and support. Figure 1 shows a
schematic of the operation of a PEC for water hydrolysis.
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Figure 1: Operation of PEC for hydrolysis of water. The anode is the photosensitive
electrode In this case. Adapted from (2].

MoO,-Ni Electrodeposition

[ In this research, molybdenum-nickel-based photo-anodes (Figure 2) are
fabricated by electrochemical deposition of molybdenum oxides and nickel

on the surface of FTO-coated glass (cathodic potential of -1.377 V vs Ag/
AgCI (3 M KCI) applied for 3 hours) .

| Working electrode: FTO-coated glass (1.5 cm?) |

Counter electrode: Platinum foil (1.25 cm?) I

"
Reference electrode: Ag/AgCl (3 M KCI)
|

Electrolyte: Molibdate (from Mo0s) (0.075M): NiSO. - 6H (0.075M) : NasCeHs0:
+ 2Hz0 (0.5M): NH4OH (0.7M). Electrolyte at pH equal to 9.0.

Cell Setup

MoOx-Ni film
FTO-coated glass

4

r Linear sweep voltammetries obtained using the photo-anodes in Figure 2,
for the study of the oxygen evolution reaction (OER). are shown in Figure
3. The measurements were carried out in dark, white light and under UV
illumination, the latter using lamps at two different wavelengths in the ultra-
violet region (?ipa = 364 nm and ?zme: = 385 nm).

EOxygen Evolution Reaction (OER) [3]:

E il + .
(g% 2 + 26 = 0

EMoO; Oxidation (MO)

Curvent Density / A m?

3(s)

jMoO T2, +2e  MoO,  + 1.0, ‘

1
Electrode Patential !V vs Ag/AgCI (3M)

Figure 3: Linear sweep voltammograms (25 mV s°') of the system 0.1 M Na;S0. |
MO / MaOs | FTO in the dark and under different types of illumination. Electrolyte at
pH 3.5.

. The oxidation of MoOzs: to MoOs s is suggested by the oxi-
dation peaks observed in all the voltammograms (peaks
around 0.7 V vs Ag/AgCl (3 M KCI)), being more evident
under UV illumination conditions (?:max = 364 nm and ?.max
= 385 nm).

. The oxygen evolution reaction is favored under UV illumina-
tion, (?ymax = 364 nm and ?.max = 385 nm) reaching in
both cases current densities close to 9 A m2at 1.6 V vs Ag/
AgCl (3 MKCI).

. When the linear sweep voltammetries are carried out under
white light, the OER presents a better performance than in the
dark: although it does not reach a higher current density than
those obtained with UV illumination.

Figure 2: MoO,-Ni on FTO-coated glass
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