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General Introduction

Along with the development of human society, the energy demand is continuously
increasing. Nowadays, the energy we are using mainly comes from the combustion of
traditional fossil fuels such as oil and coal. However, the reserve of these fuels is limited on
earth. The optimistic estimation for the depletion of fossil fuels is just a few centuries, and
then comes the energy crisis. After that, how could we maintain our life? Moreover, the
combustion of oil and coal is well known to cause severe environmental problems including
air pollution, global warming, and the consequent respiratory system disease and extreme
weather. All of these urge the development of alternative energy sources that are sustainable
and friendly to environment. Several possible techniques have been developed and some of
them have been introduced to current energy systems, including nuclear energy,

photovoltaics, wind power and so on.

On the other hand, the sun provides people a hopeful way to solve the energy
problems. If we could use solar energy efficiently, even a small part is enough to support the
energy requirement of the whole human society. The utilization of solar energy has long been
a research highlight from years ago, and some techniques have great potential for large-scale
applications. Among them, solar fuel cells draw vast attention. The concept is similar to the
natural photosynthesis, which absorbs solar energy to fix CO, molecules in the form of
organic molecules. In a solar fuel cell, water molecules are split into oxygen and hydrogen
using solar energy, while hydrogen, which is a totally green fuel, acts as the energy storage
role to fix solar energy. It contains two reactions: the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER), in which the latter one is much more difficult to carry
out due to the slow kinetic and high energy demand. Thus to find a cheap and efficient
catalyst to promote the OER efficiency becomes the key point for the application of this

technique.

In the past years, different materials have been employed for OER and by far, the best
catalysts are still based on precious metal oxides such as IrO, and RuO,. In recent years,
transition metal oxide becomes another research direction, which could provide promising
efficiency and greatly lower the expense of the catalyst comparing with precious metal oxides.
As the natural oxygen evolution complex in photosystem II is revealed to be a MnsCaOs

cluster, manganese oxides are considered as promising photoelectrochemical oxygen
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evolution catalysts and draw much attention. Among the different manganese oxides with
different crystalline structures, the birnessite-type MnQO; is more interesting because it bears
many similarities to the natural MnyCaOs cluster. Chemical synthesis and electrodeposition
are two commonly used preparation methods. Using the first method always produces
powder like catalysts, which necessitates more steps to elaborate an electrode; while using the
later one can directly lead to MnO, catalyst films that can be used immediately, making the
preparation easier and more simple. However, the main problems lie in the catalytic activity

and mechanical stability of this kind of catalyst.

In this thesis, MnO, thin films were prepared using electrodeposition method,
different parameters including the pH value, ion concentration and electrodeposition
techniques were evaluated in order to obtain stable either amorphous or birnessite-type MnO,
films. Then the influence of electrodeposition potential and substrate material on the film
properties and OER performances were illustrated. After that, the post heat treatment was
carried out on selected MnQO; films in order to investigate the effect on their electrocatalytic
activity and stability. At last, different cations were introduced in the electrodeposition

solution for the preparation of MnQO; films, and the function of those cations was discussed.

Through this thesis, MnO, films are proved to be effective (photo-) electrocatalysts
for the electrochemical and photoelectrochemical oxygen evolution reaction. But still, its
efficiency can be further promoted. There is a long way to go before electrodeposited MnO,

films can answer the demand of large-scale applications.



Chapter I: Introduction

Energy is the foundation of our daily life and society’s development. Nowadays, the
main energy sources are based on fossil fuels, such as oil, coal and natural gas. They
contribute about 85% of the total global consumption, and for developed countries, the
number could approach 90%!". As our living standard increases, the demand of energy
supply increases too. However, the problem we are facing is that the remaining resources of
these fossil fuels are limited. According to a report written by Lewis and Nocera ez al.l%), the
global energy consumption rate would increase to ~ 27 TW by 2050, which is doubled the
consumption of 13.5 TW in 2001, while at this high consumption rate, the estimated fossil
energy resources could only support for several centuries. This is a relatively optimistic
estimation. Based on Shahriar Shafiee and Erkan Topal’s calculation, the reserves of oil and
gas will run out in the next 40 years and coal in 100 years, which makes the alternative
energy development extremely urgent!®!. Furthermore, the combustion of fossil fuels would
release greenhouse gases and other air pollutants, therefore causing severe environmental
problems. As the fossil fuel consumption is doubled, the emission of carbon dioxide is also
doubled (from 24.07 Gt COy/year in 2001 to 40.03 Gt CO,/year by 2050!). As a
consequence, global warming becomes an emerging and long lasting issue to which more and
more attention has been paid. Thus, to find alternative practical, clean, and most importantly
carbon-free energy sources becomes a crucial strategy for the continuous development of

human society in the future.

In the past years, great efforts have been spent on investigating new energy sources
other than traditional fossil fuels, such as nuclear energy, wind and tidal wave power, or yet
photovoltaics. Nuclear energy could be a good candidate as it could provide huge amount of
energy and possesses all of the necessary elements for an alternative energy source. In 2007,
436 nuclear power plants operated by 30 countries generated 370 GW of electricity,
accounted for 14 % of the global generated electricity®’. At the same time, the application of
nuclear energy is constrained by its dangerous and capital intensive feature. In addition, the
high cost of construction of nuclear plant and waste disposal are also suppression factors'®).
As some accidents happened in the past years (Three mile island in 1979; Chernobyl in 1986;

Fukushima in 2011), the application of nuclear energy is more and more questioned. Wind

and tidal wave power are all periodic sources that influenced by the environmental conditions,



which makes these kinds of energy improper for large scale applications. Photovoltaics is a
promising method to generate electricity. By the end of 2014, a total amount of 178 GW of
photovoltaic energy sources had been installed all over the world and a 540 GW capacity was
expected in the next five-year period!”). On the contrary, the pollution and carbon emission
during the fabrication of solar cells is still high. The efficiency of photovoltaics is also
affected by the weather and solar intensity, and it could not support the entire energy demand
alone without an adapted and mature large-scale energy storage strategy. As a consequence,
new alternative energy sources remain a key problem that human beings are facing in the

near future.

Considering the drawbacks of photovoltaics, storing solar energy into chemical bonds
is more feasible for storage and transportation. Thus, converting sunlight energy into
chemical fuels, the so-called “solar-to-fuels” strategy becomes the new frontier of scientific

research.
I.1 Photosynthesis

Solar energy is a kind of totally green and infinite renewable energy source. The
energy that sunlight gives to the earth in one hour is equal to the annual energy consumption
from traditional fossil fuels ?!. Unfortunately, its development and utilization is still limited.
If we could find an efficient way to take advantage of solar energy, all of the energy problems

would be settled.

In nature, plants and trees have an original mechanism to take advantage of solar
energy, named photosynthesis. It plays an important role in the evolution of ecosystem on the
earth, even the fossil fuels we rely on today were produced from photosynthesis of the
ancient plants. The mechanism of natural photosynthesis has been studied for years and the

details have been revealed. Figure 1.1 shows the brief energy flow in natural photosynthesis.
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Figure 1.1: A schematic diagram of energy flow in nature world. Taken from ref 8.

Photosynthesis is not merely a single reaction, instead, it contains a series of complex
reactions happening inside organic molecules. Briefly, solar energy is absorbed and
converted to chemical energy and stored as carbohydrates. It contains two sets of reactions:
light reactions and dark reactions. In the light reaction part (energy storage), solar energy
(photon) is absorbed by chlorophyll to generate oxygen molecules, activated electrons (e,
always referred to as “reducing equivalents” ) and protons (H"); while in the dark reaction
part (hydrogen storage), the generated H' and e species react with carbon dioxide to form
carbohydrate molecules and act as the ingredient of natural plants. In this way, solar energy
is converted and stored in the organic chemical bonds. On the other hand, the consumption of
carbohydrates via plant combustion or organisms respiration would release the energy
initially originated from the sunlight, forming then water and carbon dioxide. Thus a cycle is

completed.

As the investigations went deeper, the detailed mechanism of photosynthesis was
more clearly understood by scientists. Figure 1.2 shows a simplified model of the light-driven
reactions. Photons are absorbed by the reaction center in photosystem II (PSII), and activated
electrons and electron holes are generated. Those electrons are transferred through a series of
redox-active cofactors including plastoquinol (PQH,), plastocyanin (PC), cytochrome b6f
(cyt b6f) complex and others, finally arrive at ferredoxin (Fd) which is bounded to
photosystem I (PSI). The process is also called proton-coupled electron transfer (PCET).

Then, protons combine with nicotinamide adenine dinucleotide phosphate (NADP") under
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the action of ferredoxin/NADP" reductase (FNR) to form NADPH, this later react with CO,
to finish the dark reaction in Figure I.1. On the other hand, electron holes generated as a
consequence of the electron transfer are passed to the oxygen-evolving complex (OEC) inside

PSII and assist the splitting of water into oxygen and protons.

+ +

o

Figure 1.2: A simplified scheme showing the light-driven reactions of photosynthesis. Taken
from ref 9!,

1.2 Oxygen evolving complex (OEC)

The development of microscopic analysis techniques enables the study of the fine
structure of the natural photosynthesis complex. PSII, which catalyzes the photoinduced
oxidation of water, is regarded as the center of photosynthesis. Nowadays, after years of
investigations, its structure has been revealed by several studies. Barber’s group revealed the
fine structure of the PSII in cyanobacterium with a 3.5 A resolution, suggesting that the OEC
is constituted of a manganese-calcium cluster in which 3 Mn, 1 Ca and 4 O atoms form
together a cubane-like structure (Mn3;CaOy4) and a fourth Mn atom links to the cubane by a
mono-p-oxo bridge!™. This structure has been confirmed by Umena’s group under a 1.9 A
resolution, and the metal atoms of the MnsCaOs cluster as well as their ligands are clearly

10]

located"'”), as shown in Figure 1.3. To make it easily understood, a simplified structure of

Mn,CaOs is also presented in this Figure.
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The formation of dioxygen is known as the S-state cycle, as shown in Figure 1.4. It
contains at least 5 intermediate Mn valence states to finish a cycle, denoted as Sy to S
respectively. During the state evolution Sy to S4, four photons are absorbed by the primal
electron donor P680 to form activated electron and hole pairs, which are transferred through
the redox active cofactor Y, to the MnyCaOs cluster step by step, leading to the rising of the
oxidation state of Mn ions. Under the action of those high potential Mn ions, a dioxygen

molecule is formed with the expense of two water molecules during the last step Sy to Sol™.

_,Non-heme Fe
heme b559

D1-D170 W3@! e

1-H337

Figure 1.3: Structure of PSII and OEC. Upper is the side view of PSII dimer. Lower left is a
sketch map of the MnsCaOs cluster and its surrounding protein residues. Lower right is a
simplified structure of MnsCaOs cluster. Adapted from ref 1 and 10191,

Two mechanisms are proposed to explain the formation of the O=O bond:
nucleophilic attack and oxyl radical attack, as shown in Figure [.4. In nucleophilic attack
mechanism, a highly electrophilic oxo intermediate is formed during the deprotonation of the
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water molecule associated with the fourth Mn ion linked to the cubane structure in S-state
cycle. It forms an oxygen molecule under the nucleophilic attack from another water
molecule coordinated to Ca'''l. On the other hand, in the oxyl radical attack mechanism, an
oxyl radical is preferred to form and act as the attack target instead of oxo!'?). In both cases,

the existence of tightly bounded Ca®" close to Mn ions is necessary for the formation of O=0
double bonds.
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Figure 1.4: The S-state cycle showing the formation of dioxygen and two mechanisms of the
0=0 bond formation. Adapted from ref 8.

1.3 Artificial photosynthesis

As mentioned above, to solve the coming energy crisis, using solar energy to generate
solar fuel is supposed to be a promising technique. Numerous studies have been carried out to
accomplish this purpose. Figure .5 shows a brief summary of the strategies deriving solar
fuels from solar energy, including indirect processes, direct processes and semi-direct photo-
biological processes'' .

Indirect processes of solar fuel generation include transformation of the electricity
from photovoltaics to H, or carbohydrates through water electrolysis, and biofuel generation
from photosynthesis and conversion of trees or other plants into energy forms. These two
strategies, however, need integrated systems, and the construction and maintenance cost
might be huge. In addition, the intricate process engineering would cause partial loss of

energy, which, as a consequence, decreases the total efficiency of the energy utility.
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Figure 1.5: The different strategies of solar fuel generation. Purple arrows: indirect
processes, blue arrows: direct processes; green arrows: semi-direct photo-biological
processes. Modified from ref 13!%!,

Solar energy and water
A
Solar fuel, hydrogen or carbon based

Direct processes allow money savings by comparison with indirect processes because
only one single system is needed; another advantage is the decrease of energy losses.
Artificial photosynthesis is the main technique in this series, with the employment of either
organic or inorganic catalysts. The technique of thermochemical cycles is to produce solar
fuel under the high temperature generated from concentrated solar illumination, in which a

huge and complicated system is necessary.

Photo-biological process is to harvest fuels such as H,, oils, alcohols secreted from
natural organisms. The variety of organisms is limited but it is a promising method to acquire
solar fuels because the forming of fuels is sustainable. In addition, the efficiency is another
factor hindering the application of the technique because organisms need a significant energy

to maintain their life.

Among all these strategies, artificial photosynthesis gains the most attention because
of the high theoretical efficiency and the facile facility construction. Inspired by natural
photosynthesis, the concept of “artificial photosynthesis” was first anticipated a hundred
years ago by Italian chemist Giacomo Ciamician''. The storage of solar energy in the form
of chemical bonds by a photochemical reaction was a fantastic idea at that time. In the 1960s,
the discovery of the photocatalytic properties of titanium oxide made the notion realizable.

As analytical techniques were developed, the mechanism of natural photosynthesis was
13



understood, which gave a hint for the construction of devices allowing artificial
photosynthesis. In recent years, great efforts have been made to realize the solar fuel

generation via artificial photosynthesis and a great success has been achieved.
1.4 Water splitting

The overall reaction of natural photosynthesis, carbon hydrate production could be
written in the form of equation (I.1), as shown below, the standard potential versus normal
hydrogen electrode (NHE) is 1.24 V. However, the standard potential of the water splitting
reaction performed by OEC, as shown in equation (1.2), is 1.23 V vs. NHE. According to the
thermodynamic potentials, the energy consumed in dark reaction part (hydrogen storage)
contains only 0.01 eV, whereas the light reaction part consumed 99.2 % of the total requested
energy during the whole photosynthesis process. Obviously, it is the water splitting reaction
that dominates the solar energy consumption during photosynthesis. In this sense, the core
strategy to achieve the biomimetic storage of solar energy, i.e. artificial photosynthesis, is to

find an efficient method to split water in an ambient environment.

1

1
Hy0 = Hy +5 0, E°(0/H,0) =123 Vvs.NHE  (1.2)

In an artificial photosynthesis system, water splitting could be separated into two half
reactions: water oxidation (also called oxygen evolution reaction, or OER) and hydrogen
evolution reaction (or HER), as shown in equation (1.3) and (1.4) respectively. Naturally, both
reactions could not happen spontaneously and extra energy is necessary. Photons from
sunlight could be the extra energy source, the main problem focus on finding a good catalyst

that could utilize photons efficiently and perform the water splitting.

2H,0 — 0, + 4H" + 4e~ E° (H0/05)= 123 V vs. NHE  (L3)
AH* + 4e~ > 2H, ESH'/H) =0V vs.NHE  (L4)

There are two primary approaches to perform overall water splitting!"!. One approach
is a one-step water splitting using a single catalyst to split water to H, and O, simultaneously.

The high requirements such as thermodynamic property, band gap structure and stability
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against corrosion make this approach difficult to carry out. The other approach is two-step
water splitting using two different catalysts for oxygen and hydrogen generation. Figure 1.6
provides a scheme of this approach. In this system, the O, catalyst drives OER whereas the
H, catalyst drives HER. Between these two half reactions, OER is the more
thermodynamically demanding, with a driving potential of 1.23 V vs. NHE. Considering the
kinetic factors, the water oxidation reaction could not happen in an aqueous solution even if
the 1.23 V vs. NHE potential value is reached. Because of the high kinetic barrier, large
overpotential (potential difference between a thermodynamically predicted potential and the
experimentally observed potential) is required to achieve oxygen generation. Therefore, the
fabrication of an OER catalyst which could overcome the high kinetic barrier at lower

overpotential becomes the prerequisite of the overall application of artificial photosynthesis.
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\ .-
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2H,0 do- Photoanode material

+
Q9 + 4H* 5
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o S | "l | membrane
. 4HY
-
Photocathode 2H
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Figure 1.6: Schematic of Artificial Photosynthesis of H, and O, from Water Splitting. Taken
from ref 161,

1.5 Oxygen evolution reaction (OER) catalyst

Oxygen evolution reaction plays a crucial role not only in water splitting but also in
fuel cell and rechargeable battery!'”. In the last decade, researchers have devoted many
efforts to find inorganic or composite materials capable of catalyzing oxygen generation,
either by structure approach or by composition approach. Recently, more and more materials
have been found to be active for OER, including both organic and inorganic materials. The

determination of the fine OEC structure provides a new strategy to construct highly efficient
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and practical catalysts, not only in the composition but also in the structure. Inspired by the
Mn4CaOs cluster in natural OEC, scientists have dedicated great efforts to mimic the
photosynthesis process by employing different kinds of catalysts. Based on the constitution of
the materials, OER catalysts could be roughly divided into molecular catalysts, precious
metal catalysts, transition metal oxide catalysts, and other materials such as hydroxide and
sulfide catalysts!'®!.

Molecular catalysts, as reviewed in ref 19-21, are mainly composed of organo-
metallic chemicals derived or inspired from natural organisms and always combined with
metal complex""?!). “Blue dimer” ([(bpy).(H,0)RuORu(H,0)(bpy).]*") found by Meyer in
the 1980s is considered as the first active OER molecular catalyst. Since then, the
investigation of molecular catalysts focused on Ru-oxo species. Until nowadays, Ir, Mn, Fe,
Co and other metal elements have been introduced in the fabrication of multicomponent
molecular catalysts and the catalytic efficiency varies depending on the composition*2%,
The major problem of this category is their short life duration under OER conditions: the

failure of bridging ligands between the organic components and the metal element leads to

the catalytic disability and consequently shortens the lifetime.

Precious metals oxides such as RuO, and IrO, have been employed as OER catalysts
long time ago and they are still the most efficient electrocatalysts for OER by far!'®*2¢]
However, the scarce resources, high manufacturing cost and poor operating stability block the
large-scale application of these materials, which explains why precious metal-free catalysts

18,23

have long been a research target!'®**). On the contrary, they are usually used as references to

express the activity performances of the other materials, e.g. the commercial IrO; electrodes.

On the other hand, transition metal oxides are promising candidates due to their
relatively low cost and good activity. In the past years, TiO,, ZnO, MnOy, Fe,03, Co304,
NiOy, CuyO and other transition metal oxide materials have been studied for oxygen

evolution!?”>"

. In recent years, transition metal oxides have become the main research
direction and more and more reports have shown their exciting perspectives in view of the
elaboration of OER catalysts, some of them possess an OER activity even better than the

18,32

commercial precious metal catalysts''®**]. Among those materials, catalysts based on Mn, Fe,

Co and Ni are most promising and draw more attention.
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Hydroxide catalysts based on transition metals are also active for OER. Burke
reviewed the activity trend of transition metal oxides and (oxy)hydroxides, and proposed that
hydrated species is more thermodynamically favorable comparing with crystalline oxides
under OER conditions®”, and Ni(Fe)OxH, displayed very good OER activity®*. Recent
research shows that layered double hydroxides (LDHs, also known as hydrotalcite-like clays),
could be a hopeful candidate. In this structure, divalent and trivalent metal cations coordinate
with hydroxide anions and form overlapped layer structure, always with additional COs> as
guest anions®”. For example, NiFeMn-LDH"" and FeNiCo-LDH?® have shown a good

performance in OER.

In addition, perovskite-type materials are another group of catalysts based on
transition metal oxide materials. They have an ABOj structure in which A is mainly a rare
earth or alkaline earth element (Ca, Ba, La and Sr), and B is always a transition metal element
(Fe, Co, Ni, Mn, Cr)'""*7. They are mainly adopted in batteries because they always possess
both oxygen evolution and reduction properties. Apart from that, composite materials based
on transition metals are another emerging catalyst family for oxygen generation, such as
dichalcogenide materials and phosphate materials 138391 “Except for traditional and common
materials, new rising materials are continuously joining the OER catalyst group in recent
years, such as the carbon nanotube [4041]

As a conclusion, numerous materials could be OER catalysts, their activity and
durability vary dramatically. There is still a lot of work to do to find a very efficient candidate

with long operating time that suitable for large-scale application.
1.6 Manganese dioxides

Comparing with other transition metals, manganese has its own advantages. It has a
high natural abundance, thus the cost is much lower than Ni, Co, Ir and other scarce elements.
MnO, can be used in a wide pH range, even in highly acidic solutions, as shown by the
Pourbaix diagram in Figure 1.7, while the other transition metal oxides, except for TiO,,
cannot bear the acid corrosion. In addition, it has a variety of oxidation states among which
+2, +3 and +4 are the most common in nature. Furthermore, it is environmentally benign and

has little contribution to the environmental pollution. The last and the most important, it is the
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element employed by natural photosynthesis, which makes it an interesting and promising

candidate for OER catalyst.
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Figure 1.7: Pourbaix diagram shows the relation between solution pH and potential of stable
Mn species. Taken from ref 42 12,

The study of manganese oxides as OER catalysts has begun a long time ago. For most
manganese oxides, the MnOg octahedral units constitute the basic structure. By either sharing
edges and / or corners, such units form a large number of crystalline structures, including two
major groups: chain, tunnel structure and layer structures'*’). Figure 1.8 shows some common
structures of manganese dioxide, in which a-MnO,, B-MnO,, y-MnO, and A-MnQO; have the
tunnel structure while 6-MnO; is layered structure. Viewing from this structure sketch
diagram, the tunnel size of the MnO, materials strongly depends on crystalline structure and
this is always considered a crucial factor related to the activity performance!*".

Many researchers have investigated the relationship between structure difference and
the electrochemical performance of MnO,. S. Devaraj ef al. compared the electrochemical
capacitance properties of five common MnQO, structures and found that the specific
capacitance values follow the order: o = & >y > A > P**!. Feng Jiao et al. investigated the
solar water splitting activity of a, B and other structured MnO,, and found that a-MnO,
nanowires possess the highest turnover frequency, followed by a-MnO, nanotubes and -
MnO, nanowires'*®’. As a conclusion, the structure of manganese dioxides plays an important

role on their electrochemical properties.
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Figure 1.8: Structure of manganese oxides: (a) B-MnO; (pyrolusite), (b) y-MnO,
(ramsdellite), (c) a-MnO; (hollandite), (d) 6-MnO; (birnessite), (¢) A-MnO; (spinel), (f)
LiMn, 04, (g) Mn,0; (bixbyite), and (h) Mn;O,4 (hausmannite). Mn”" tetrahedra, Mn®* and
Mn*" octahedra, and Li" tetrahedra are represented by light, dark, and black polyhedra,
respectively. Black spheres represent alkaline ions. Taken from ref 4747,

The OER performances of manganese dioxides as a function of their different
structural varieties are also important subjects for application of Mn-based catalysts, which
has been carried out by different research groups. Robinson et al. studied 8 different
polymorph manganese oxide structures containing Mn'" and Mn'" for oxygen generation, and
they found that five crystalline structures including -MnO;, y-MnO;, a-MnQO,, 6-MnO, and
LiMn,04 showed no OER activity in the experimental conditions, and the best catalyst was
Mn,0;, followed by Mn3;04 and k-MnOz[m. Frey et al. also tested 13 different manganese
oxides as OER catalysts with a conclusion that, in terms of catalytic activity, Ca-birnessite >
Mn,05 > Mn02[48]. Ramirez et al. compared the OER activity of amorphous MnOx, Mn,03
and Mn3;QOy4, found that Mn,O; acted as the best catalyst whereas Mn;O4 was the worst!*"),
Pokhrel et al. studied 9 different manganese oxide crystalline structures using four commonly

used OER evaluation methods and revealed that their OER performances depended on the

test electrolyte with the evidence that the best catalyst was Mn,O; for
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[Ru(bpy)s]*7/S,0s> /light system and acidic electrolyte, y-MnO, for ceric ammonium nitrate
(CAN) electrolyte, and a-MnO, for alkaline electrolyte®®. At the same time, many other
reports focus on individual structures to elucidate the OER activity of manganese oxides such
as MnO, nanorod arrays (NRAS)[S 1], B-Mn02[5 2], mixed-valent MnOx[5 3], marokite
CaanO4-xH20[5 4], birnessite-type MnO, (8-Mn02)[5 5 '57], or amorphous manganese oxidest?!.
Meanwhile, the combination of manganese with other active materials has also been reported

such as Mn304/COSez[59], Mn and Cr mixed oxide (MnXCrlfxOlj)[M], Pt/MnOx[60],
MnO,/phosphorus'®"), MnCo,04/polypyrrole!®®, or MnO,/Aul®*!.

The biomimetic approach of OER catalyst to the natural Mn4Ca cluster never stops. In
recent years, birnessite-type layered structure manganese dioxide (6-MnO,) draws more
attention than the other crystalline varieties of Mn02[56’64]. Its basic structural unit is MnOg
octahedral sheets in which cations (such as H", Li", Na' or Mg2+ depending on the preparation
conditions) and water molecules occupy different positions in the space between those sheets.
Figure 1.9 shows the detailed structure of birnessite and the possible site for cation occupation.
Comparing with MnsCaOs clusters in natural OEC, birnessite MnO, bares many similarities
such as the cubane-like structure, element composition, Mn-Mn distance and Mn oxidation

33631 Theoretical investigations have established optimistic perspectives for birnessite

states!
as OER catalyst. Yang ef al. studied the OER mechanism of birnessite-type MnO, using
density functional theory (DFT), and found that the intercalation cation has an influence on
the energy barrier structure, thus leading to a change in the demand of overpotential for OER,
and they claimed the application of Ca-birnessite should be promising!®”. Lucht er al.
calculated the effect of 13 different intercalated cations and confirmed the great significance
of cation insertion on the band gap structure. According to their conclusions, the intercalation
of Sr, Ca, B or Al cations would enhance the catalytic activity of birnessite-type MnO, for
water splitting[65 I, Furthermore, these promising perspectives also get support from some
experimental results. Pinaud et al. prepared a Na-birnessite-type MnQO, catalyst using
electrodeposition, and observed that its band gap structure is the main obstacle to perform
photochemical water splitting while the optical, chemical as well as electrical properties

appear to be rather satisfying®.

Wiechen et al. investigated birnessite-type MnO, with K,
Ca, Sr and Mg as intercalated cations, the Ca-birnessite showed the best activity, followed by

Sr, and they also confirmed the catalytic role of Ca®" in water splitting’®>!. A Cu-birnessite
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MnOy was studied by Thenuwara et al. and their conclusion is that the intercalation of Cu

cations greatly enhanced the OER activity of MnOj catalyst [,

(a) (b)

layer

MnO,

Intercalated layer
Cationé&H,

Figure 1.9: (a) General structure of birnessite. (b) MnO, Birnessite layer with metal cation
(water molecules are removed for clarity), the three potential sites for a cation to occupy: H',
over a Mn cation hollow site; H”, over an oxygen hollow site, T, over an oxygen top site.
Taken from ref 65!,

Though a great quantity of work has been carried out to investigate the properties of

manganese dioxides, the “best” manganese oxide catalyst for OER remains a puzzle and the

industrial application is still far from reality.
1.7 Material preparation methods

There is no doubt that the preparation method plays an important role on the surface
morphology, crystalline structure as well as the catalytic activity performances of materials.
Up to now, a lot of strategies have been exploited successfully for the elaboration of
manganese dioxide based catalytic materials. Chemical synthesis methods such as
comproportionation using Mn®" and MnO4 ), chemical reduction of KMnO, with oxalic

53] (0] and precipitation of Mn(Ac), and

acid™, hydrothermal decomposition of KMnOy
KMnO,°” are common methods to synthesize manganese oxide catalysts. However, their
disadvantage lies mainly on the conditioning of these powders in view of the fabrication of
anodic electrode materials. Most materials prepared by chemical synthesis are indeed in the
form of powders, while this is not a proper form for electrochemical characterization
purposes. A subsequent extra step is necessary in which for example a Nafion paste
containing targeted powders is usually used to produce a thin layer catalyst on a substrate like
glassy carbon or FTO. On the contrary, electrochemical deposition (electrodeposition in short)

is another common strategy to produce thin layer materials. Electrochemical methods such as
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cyclic  voltammetry (CV)!®,  galvanostatic!®’®, and potentiostatic (also called

chronoamperometry)#*°°

methods have been widely employed for manganese oxide thin
film preparation. Compared with chemical synthesis, the electrodeposited materials could be
used immediately in the electrochemical tests without additional treatment. Moreover, the
morphology of the generated materials could be easily controlled by adjusting deposition
parameters such as electrolyte composition and pH value, operating temperature, current
density or potential, and the duration, as these parameters are all known to have a great
influence on the nucleation mechanism taking place at the very start of the electrodeposition
process!’ ',

Usually, a three-electrode cell is employed for electrodeposition of thin film catalyst.
It includes a working electrode (WE), a counter electrode (CE, also called auxiliary electrode)
and a reference electrode (RE). The working electrode is always a well conductive substrate
either possess OER activity or just inert support. For example, FTO and ITO are transparent

[7273] " glassy carbon is a

[74]

substrate commonly used in photoelectrochemical experiments
typical inert electrode with perfect electric conductivity and chemical stability'™, and
precious metals such as Pt and Au are always used as rotating disc or ring electrode!®.
Among them, ITO and FTO are the mostly employed electrode materials because their
transparent property allows direct photoelectrochemical water oxidation tests. Template
materials are also interesting substrates so as to get specific structures. Saturated calomel
electrode (Hg,Cly/Hg, SCE), mercury/mercury oxide electrode (Hg/HgO, MOE),
mercury/mercurous sulfate electrode (Hg,SO4/Hg, MSE), and silver/silver chloride electrode
(AgCl/Ag) are common reference electrodes. The counter electrode is made of a chemically
inert metal, for example platinum, with a surface area larger than that of the working

electrode in order to eliminate the effect of the counter electrode current density on the

working electrode reactions.
Reaction (I.5) shows the redox reaction leading to MnO; electrodeposition.
Mn%** 4+ 2H,0 - MnO, + 4H* + 2e~  E° (MnO/Mn’")= 1224V vs. NHE  (L5)

A Mn”" salt, like MnSO,4 and Mn(Ac), is always used as the manganese precursor.
Abundant background salts (nitrates, sulfates, phosphates) are usually added as additive in

order to increase the electrolyte conductivity. The cations in those background salts also play
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as intercalated ions in the structure of the generated materials, thus modifying their physical
and chemical properties. Most research works use an aqueous solution for electrodeposition.
Recently, some researchers reported the use of ionic liquid for MnO, electrodeposition at
high temperature, which could enhance the deposition rate and lead to a more continuous and
fibrous morphology, and the OER activity of the resulted film catalysts was greatly
promoted'®*). Surfactants such as sodium dodecyl sulfate (SDS) were also found useful to
improve the catalytic performance and the stability of electrodeposited manganese oxide,

though no effect on the structure and composition was found!”®),

1.8 Methods for OER evaluation

(A) Chemical Oxidation

4[Ce(IV)(NOz)g]> MnO, ¢ Xoﬂ 4H*

4[Ce( ||)(N03)6]3XMnO ox 2H,0
(B) Photochemical Oxidation

S0, + 8047‘ 4[Ru(bpy)s]>* MnO,"ed O, + 4H*
S,0 2
7% "Ru bpy)3]2+ X X
4[Ru(bpy) 1%* MnO,°x 2H,0

(C) Electrochemical Oxidation

] MnO red O2 +4H"

Potentiostat

—

Electrode

MnO,°% 2H,0

Figure 1.10: Three commonly used methods in the evaluation of water-oxidation activities:
(A) chemical oxidation using CAN; (B) photochemical oxidation using [Ru(bpy)s]*", S20s,
and light; and (C) electrochemical oxidation. Taken from ref 50001

As discussed by Pokhrel ef al., the characterization methods for OER activity
evaluation is also a key factor affecting the catalytic performance of catalysts: the employed
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chemicals, driven by outer potential bias or react spontaneously under light shining, pH of the

%1 Varjous experimental techniques are particularly relevant in view of the

electrolyte
evaluation of the water splitting activities. Among those, three strategies are the most

commonly used, and the general reactions are shown in Figure I.10.

The first one is a chemical oxidation method using a chemical oxidant such as ceric
ammonium nitrate ((NH4),Ce(NOs)s, CAN). The oxidants act as the sacrificial species with
sufficient oxidizing power to oxidize targeting catalyst, so as to drive the OER. For example,
Ce*" in CAN is a one-electron oxidant with a standard potential of about 1.7 V vs. NHE,
which could be used to promote water oxidation!””. During the experiment, the increase of
the oxygen concentration can be monitored with the help of an oxygen sensor. The advantage
of this method is that it allows studies in bulk solution with large amount of oxygen
production, and this largely facilitates the measurement of turnover frequency (TOF) and
turnover number (TON)[78]. However, most oxidants have strict use conditions, e.g., CAN is
only stable in acidic media with low pH, as it will produce some insoluble compounds
otherwise. On the other hand, in acidic conditions, the resistance to acidic corrosion becomes

a problem for lots of catalytic materials. Thus, the application of this method is limited.

The second method is the photochemical oxidation, usually using Ruthenium(III)
tris(bipyridine) cation ([RuIII(bpy)3]3+). In this system, [RuHI(bpy)3]3+ acts as a one-electron
oxidant with a driving standard potential 1.21 V vs. NHE. However, [Rum(bpy)g]3+ degrades
very quickly to [Ru"(bpy)s]*" in solution, thus the operation duration is largely restricted, as a
consequence, S,0g”" is usually added to continually generate [Ru"(bpy)s]’" with the help of
light illumination. On the other hand, Ru™ and Ru" have unique and different light absorption
spectra, making them quite practical media to detect the real-time water oxidation process
with the help of UV-visible technique (for Ru complex detection) in order to reveal the
process of oxidation equivalents!’®. The disadvantages lie mainly in the high expense and
poor stability of the used Ru chemical. This method is, therefore, quite expensive and not

suitable for regular tests.

The last one is the electrochemical water splitting, which is the most widely used
method for characterizing transition metal oxide catalysts. Usually, a thermodynamic
potential of 1.23 V vs. RHE plus extra overpotential is needed to perform oxygen generation.
For this overpotential, the smaller, the better. In the electrochemical evaluation method, the
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activity of the catalyst can be reflected directly by the overpotential value of a given current
density extracted from the cyclic voltammetry or linear voltammetry curve. Compared to the
two previous methods, this one is much easier in both construction and operation. The three-
electrode cell connected with a potentiostat is enough for this method. During the test, the
WE is constituted by the targeted materials, and the electrolyte is always an aqueous solution
containing some background salts. Besides, an external light source is also necessary to carry
out photoelectrochemical water splitting with nearly no modification on the setup. Except for
the activity tests, other experiments can also be performed using the same setup, for instance,
chronoamperometry tests to detect the stability, electrochemical impedance spectra to reveal
the electric properties of the catalyst, or Mott-Schottky plots to extract the band gap

[79

structure!”®). All of these experimental techniques make electrochemical OER test a simple

but powerful method to evaluate the performances of catalysts.
1.9 Motivation of this thesis

Hydrogen and oxygen generation from solar water splitting allows the development
and extensive use of solar fuel cells. As such, it is a promising method to meet the increasing
energy demand of human society and solve the coming energy crisis. Present knowledge
indicates that further efforts are necessary to develop a simultaneously cheap and efficient
photoelectrocatalyst to carry out the overall water splitting with a low energetic cost.
Manganese oxides are promising candidates as water oxidation catalysts, but their efficiency
and stability are still not satisfying enough for large-scale industrial applications. In this
thesis, we studied electrodeposited MnO, thin films by employing various structural and
(photo-) electrochemical characterization methods in order to understand the relationships
between preparation parameters of these films and their photoelectrocatalytic performances,
thus providing and/or confirming basic strategies for preparing efficient and stable

manganese oxide based photoelectrocatalysts for water oxidation.

In the first part, the deposition mechanism was investigated using a bulk Pt electrode,
and then, different parameters and strategies for electrodeposition was studied in order to find
a best way to obtain stable MnO; films. After that, electrodeposition of MnO; films on ITO
and FTO were performed, and the obtained films were characterized to investigate their

catalytic activity as OER catalysts. In the meantime, homemade a-CNx electrodes were
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introduced as cheap and practical substrates; their capability for electrodeposition was

discussed.

In the second part, the influence of heat post treatment was studied on
electrodeposited MnO, films. Different temperatures were employed for sample calcination.
The resulted samples were studied by structural and morphological characterization
techniques in order to reveal the heating effect on MnO; films. Then the catalytic OER
activity was carried out, and a best calcination temperature was proposed. Moreover,
photoelectrochemical water oxidation test was carried out on selected samples, promising

photocurrents were observed.

In the last part, Na', K, Ca*" and Mg2+ were introduced into the electrodeposition
electrolyte in order to study the influence of inserted cations on MnO, film structure as well
as the OER catalytic performance. EDS spectra were used to confirm the existence of cation
elements in the film structure, and homemade Pt electrodes supported on pure silicon were
used as substrates so as to eliminate the of impurity signals from ITO and FTO substrates.
The crystallinity, morphology and the OER activity were studied as well. Finally, the effect

of electrolyte cations was discussed for electrodeposition.

In the next chapter, experimental methods used in the thesis will be described,
including the sample preparation, morphological and structural characterization, activity

evaluation and the corresponding fundamental knowledge.
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Chapter I1: Experimental Methods
1.1 Introduction

In this chapter, the experimental setups and methods used in this thesis are introduced,
including the adopted chemicals and sample preparation methods. Moreover, morphological,
structural, electrochemical and optical characterization methods are presented, as well the

photoelectrochemical water oxidation setup.

1.2 Adopted chemicals

All of the chemicals used in this thesis are listed in the following table. All of them

are used directly without any purification treatment.

Table 11.1: Chemicals used in this thesis

Name Purity Company
MnSO,4-H,O > 99% SIGMA
NaClO4-H,O > 99%, for analysis MERCK

H,SO, 95% VWR PROLABO

LiClO4 > 95%, ACS reagent SIGMA-ALDRICH

KCl10,4 > 99%, ACS reagent SIGMA-ALDRICH

Mg(ClO,), <8 % H,0, ACS reagent SIGMA-ALDRICH
Ca(ClOy), xH,O Reagent Alfa Aesar
NaOH > 98%, for analysis PROLABO
KOH > 86%, for analysis PROLABO
K3Fe(CN)g > 99%, ACS reagent SIGMA-ALDRICH
K, Fe(CN)g > 99%, ACS reagent SIGMA-ALDRICH
KNO; > 99%, for analysis CARLO ERBA

11.3 Preparation of MnO, thin films

For the preparation of MnO, thin films, a traditional three-electrode electrochemical
cell connected with a bi-potentiostat (VSP, BioLogic) was used, as shown in Figure II.1. The
EC-lab software (version 10.37) provided by the same company was adopted to control the
electrodeposition procedure and to collect the experimental data. The container was a glass

beaker with suitable size. A commercial mercury/mercurous sulfate electrode (K,SO4
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saturated Hg/Hg,SO,4, MSE, Radiometer Analytical, 0.248 V vs. NHE at 20 °C) was used as
the reference electrode, and the counter electrode was a home-made Pt grid with a large

surface area in order to eliminate the influence of anodic reaction on the working electrode.

The reference electrode stability was regularly checked with the help of a commercial
calomel electrode (KCI saturated Hg/Hg,Cl,, SCE, Radiometer Analytical, 0.244 V vs. NHE
at 20 °C). For this purpose, a bulk Pt working electrode was used to get cyclic voltammogram
curves in an aqueous electrolytic solution containing potassium ferricyanide/potassium
ferrocyanide (2 mM each) and potassium nitrate (0.1 M) using different reference electrodes.
The potential difference between two reference electrodes was then calculated from the
average values of the anodic and cathodic peak potentials, and compared to the expected
value. For the detail of reference electrode calibration, see appendix A.l: Calibration of

reference electrode.

— — — — — — — —

/  potentiostat

()

Figure 11.1: Configuration and image of three-electrode electrochemical cell used for
electrodeposition.

11.3.1 Substrates

In this thesis, different materials were used as working electrode materials depending

on the purpose of the experiments:

(1) Two types of Pt electrodes were used for preliminary electrodeposition tests. One
is a homemade bulk Pt electrode (diameter 5 mm) with very high mechanical and chemical

stability, which allows repeated experiments for the investigation of the influence of different
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parameters. The other type is homemade supported Pt film electrodes. The support was either
a mica sheet (diameter 50 mm, ruby muscovite, METAFIX) or a pure silicon wafer (Prime
FZ, orientation (100), 525 pum thick, resistivity > 20000 Q.cm). The former electrodes allow
numerous topography analysis due to the low cost of fabrication, and the latter ones were
used for XRD and EDS analysis due to their pure composition. Prior to the deposition, the
supports were cleaned by a chemical process in an ultrasonic bath: 10 min in pure acetone, 10
min in pure ethanol and 5 min in bidistilled water, then dried with argon gas. Depositions of
platinum thin films were carried out by RF magnetron sputtering in a commercial reactor
(Pfeiffer PLS500). The target was a platinum disk (50 mm diameterx6 mm thick) and the
supports were placed at 6 cm from the target. The deposition temperature was 450 °C for
mica sheet (kept for one hour before deposition) and ambient temperature for pure silicon; the
total pressure in the vacuum chamber for deposition was 2 Pa using argon gas, the target
power was kept constant at 50 W and the deposition time was 4 min for mica sheet and 5 min

for pure silicon. The estimated thickness for mica/Pt was 80 nm and for Si/Pt was 100 nm.

(2) Indium tin oxide (ITO, thickness: 80 nm, resistance: 30 Ohms) and Fluorine-
doped Tin Oxide (FTO or SnO;:F, thickness: 80 nm, resistance: 80 Ohms) thin films
supported on 1 mm thick glass substrates were purchased from SOLEMS. The substrates
were cut with the help of a diamond pen into 16 mm x 7 mm pieces from their original size of
50 mm x 7 mm in order to provide adequate surface areas for the targeted electrodes. The

cleaning procedure before using was described in Chapter III.

(3) At last, homemade amorphous carbon nitride thin films deposited on boron doped
silicon (orientation (100), 380 pum thick, resistivity 0.001-0.005 Q.cm) electrodes (a-CNx)
were prepared using DC magnetron sputtering in a commercial reactor (Plassys MP300S) and
used as electrode materials. Before deposition, the silicon substrates were cleaned by a
chemical process in an ultrasonic bath (10 min in pure acetone, 10 min in pure ethanol and 5
min in bidistilled water) and then submitted to an RF ionic etching (total argon pressure: 2 Pa,
RF power: 160 W, 10 min). The base pressure in the vacuum chamber was kept below
2.5x107 Torr (about 2.7x10 Pa) using a turbomolecular pump combined with a rotary pump.
The target was a graphite disk (75 mm diameterx5 mm thick, 99.999% pure, NEYCO) and
the substrates were placed 7 cm from the target. The total pressure for deposition in the

vacuum chamber was 1 Pa using a mixture of pure argon and nitrogen gases with 3 % of N,
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partial pressure, the target power was kept constant at 250 W and the deposition time was 10
min. The as-prepared a-CNx electrodes have a size of 10 mm x 10 mm. They were mounted
on a copper tape covered glass support using quick set epoxy adhesive (RS Components Ltd)
in order to seal the surrounding conducting part except for the expected a-CNx surface. Silver
conductive adhesive was added between a-CNx electrode and the support in order to enhance
the conductivity. The surface area of elaborated a-CNx was estimated by their geometric
surface area. This carbon-based material was shown to be a very mechanically and
chemically stable and cheap electrode material that can be deposited on large surfaces, and
different substrates, using the abovementioned deposition technique, which makes it a very
interesting and promising electrode material for industrial applications. Moreover, its surface
properties, such as electronic conductivity, electrochemical activity and surface functional
groups can all be easily tuned by mastering the atomic nitrogen content in these a-CNx thin
films according to the well-established relationship existing between the atomic nitrogen

content in a-CNx and the partial pressure of nitrogen gas in the deposition chamber.

11.3.2 Deposition electrolytes

Usually, the electrolyte used for electrodeposition contained MnSO4 as a manganese
precursor and a neutral salt as a background salt. The concentrations of MnSQO4 and alkaline
salt were almost systematically 2 mM and 50 mM, respectively. However, a part of the
results was carried out in electrolytic solutions with a 0.3 M or 0.1 M concentration for
MnSO,4 and a 0.3 M or 0.1 M concentration for the neutral salt. Unless specially mentioned,
all the electrolytes were used directly without any pretreatment; otherwise, they were
saturated by either N, (deaeration) or O,. The deposition conditions will be described in

details when necessary.

11.3.3 Electrodeposition techniques

Three electrochemical techniques were exploited for the electrodeposition of MnO;
thin films: cyclic voltammetry (CV) and chronoamperometry (CA), as shown in Figure IL.2.
Briefly, during a CV scan, the potential of the working electrode is scanned linearly using a
triangular potential waveform, and the resulting current is measured by the potentiostat
during the potential sweep. As a consequence, CV is a current response as a function of the

applied potential. During a CA experiment, a potentiostat measures the current passing
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through the circuit in a period during which a fixed potential bias is applied on the working
electrode. Finally a current-time response is recorded and the charge passed through the
electrode can be obtained by the integration of current, which shows the quantity of

electrochemically treated reactants.

(a) Ew (b) 1

oC

Figure 11.2: Schematic diagram of techniques used for deposition: (a) cyclic voltammetry,
(b) chronoamperometry.

11.3.4 Post heat treatment

The post heat treatment was performed using a universal tube furnace model CTF 12
(Carbolite Gero) in ambient condition. The diameter of the corundum tube is 75 mm. The
temperature is measured by a thermocouple and controlled by a temperature module 301. A
glass beaker was used as a container to hold the samples. The samples were heated from
room temperature to the setting temperature with a heating rate 10 °C/min, then maintained

for 30 min followed by natural air cooling.
1.4 Characterization of structural, morphological and optical properties.

11.4.1 X-ray diffraction spectroscopy

X-ray diffraction spectroscopy (XRD) is a commonly used technique to reveal the
crystallinity and structural properties of materials’®**®"!. This method is based on the
constructive interference of the diffracted X-rays on different crystal planes. Generally, a
crystal consists of regular atom arrays, and those atoms play as the scatterers when a beam
strikes on them. The incident beam striking on each scatterer causes radiation of a small

portion of its intensity as a spherical wave.

According to the Bragg’s law:

31



Zdhleine =nAl (III)

where n is an integer, A is the wavelength of X-ray source in nm, dpy is the inner
spacing distance of crystal planes, hkl are the Miller indices of the plane, and 6 is the angle of

the X-ray diffraction.

Figure 1.3 shows the schematic diagram of the XRD diffraction. When scatterers
have symmetric arrangement with a spacing separation d, these spherical waves will add
constructively in directions where the path-length difference (2dsinf) equals to an integral
multiple of the incident wavelength A, leading to highly intense reflection. In those cases, part
of the incident beam is reflected by an angle 20 and spots are produced in the diffraction

pattern.

o Yo
\dsin[]

— . ° . o
Figure I1.3: Schematic diagram of X-ray diffraction.

With the incident beam angle and diffraction intensity of the target material, a XRD
spectrum could be created. By comparison with the index of wavelength and the scattering
angle 20 of Miller indices of known materials, the element composition, unit-cell parameters

as well as its space group could be defined.

In this thesis, the XRD spectroscopy was acquired using a diffractometer X Pert Pro
(PANanalytical) with Cu-Ko radiation at a wavelength A = 1.54184 A as the X-ray source.
The scan speed was set to be 4 °/min and the scan range was 8 - 90°. In some cases, a slower
scan speed (2 °/min) was used for samples with thin thickness to obtain a better diffraction

signal. All samples were characterized directly without any pretreatment.
I1.4.2 Field emission gun scanning electron microscopy

The scanning electron microscopy (SEM) technique is a powerful method to study the

surface morphology of materials with a nanometric resolution™. Generally, a narrow beam
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of electrons is focused on the sample surface, scanned over a rectangular area along parallel
lines in a fixed direction. The energy of the electrons could reach 30 kV with high speed
accelerated by a series of magnetic lenses. Under the interaction between the incident
electrons and surface atoms in the sample, various signals such as secondary electrons (SE),
back-scattered electrons (BSE) and photons of characteristic X-rays are generated, taking
along with the information about the surface topography and composition of the sample. Each
of the signals contains different information. A Tungsten filament, LaBs, Schottky emitter
and field-emission tip are commonly used electron sources. To make the best resolution,
incident electron beam passes through sets of lenses before reaching the sample surface to

narrow its diameter. The usual resolution for a SEM with field-emission tip is typically 1 nm.

Secondary electrons provide the most commonly used signal to obtain the surface
topography of the sample. They are generated due to the emission of loosely bonded
electrons excited by the incident electron beam. The energy of secondary electrons is about 3-
5 eV, thus they can only escape from the near surface area (several nm), thus they can
provide the surface information with high resolution, which is commonly used to form the

topography image.

kicked-out ..
electron - -

Figure I1.4: Schematic diagram of the generation of characteristic X-ray.

As characteristic X-rays contain the chemical information of the sample, thus they are
usually used to carry out the composition analysis. The mechanism of the generation of
characteristic X-rays is shown in shown in Figure I1.4. When the incident electron beam
strikes the sample surface, the electron in the inner shell will be exited and escape from the
original orbit, which causes a hole in the inner shell. Then the electron in outside shells will

jump into inner shell to fill the hole with the emission of X-ray photon. The energy of this
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photon differs from an atom to another. Thus by analyzing the X-ray photon energy and
quantity, the elemental composition of the sample and proportion of each type of atom could
be obtained. This technique is called energy-dispersive X-ray spectroscopy (EDS), which is

always associated with SEM as an accessory.

The surface morphology was characterized using a microscopic Supra 55 (Zeiss)
equipped with an EDS detector (Bruker) in ultra-high vacuum. The incident electron energy
was 5 kV for imaging and 15 kV for EDS, the magnification of the image was set to be 50 X,
100 X and 200 X according to the sample topography. The samples were fixed on the sample
holder using conducting adhesive tape and characterized without any pretreatment. Cross-
section images were also performed to measure the thickness of the films. To perform such
measurements, the sample was cut with a diamond pen to show the cross-section area and the

sample holder was tilted by 60 ° or to vertical.
11.4.3 Atomic force microscopy

Atomic force microscopy (AFM) is another commonly used technique to evaluate the
topography of materials with a nanometric resolution. According to the operating mode
(contact mode or tapping mode), topography of the sample could be acquired. It uses a
cantilever, which bears a very sharp and pyramidal tip, to scan over a sample surface line by
line, thus forming an image of the topography'®’!. Figure IL.5 shows the working principle of
AFMP*®! 1n the contact mode, as the cantilever goes close to the sample surface, it deflects
towards the surface due to the close-range attractive forces between the surface and the
cantilever. However, as the tip goes yet closer, until it makes contact with the surface, the
repulsive force will increase and cause the cantilever deflect away from the surface. A laser
beam 1is shined on the backside of the cantilever, and any tiny movement of the cantilever
could lead to the change of the reflected laser beam direction and therefore to a shift of the
laser impact on the photodiode. Then, this change is tracked by a position-sensitive photo
diode (PSPD) and transferred to the control software. As the cantilever scans across an
interest area on sample surface, the up and down features will be recorded continuously.
Meanwhile, a feedback loop controls the height of the tip above the surface in order to
maintain constant laser position. In this way, an accurate topography image at high resolution

is generated.
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Figure 11.5: Working principle of AFM

In addition, AFM also offers the possibility to measure the current crossing the
contact area between the AFM tip and the sample surface as a function of a bias applied
between the sample and the AFM tip. In this case, a conductive cantilever made either from a
conductive material or from an insulating tip coated with a thin conductive layer is necessary.
The working mode of AFM allowing the surface conductivity measurement is called the
current sensing mode of AFM (CS-AFM). More precisely, this latter allows either the surface
conductivity mapping at a constant bias with a nanometric resolution, or the measurement of
current-voltage (I-V) characteristics obtained at randomly selected contact areas of the AFM

tip with the sample.

AFM experiments reported in this thesis were carried out by using a Picoscan 2100
AFM equipment (Molecular imaging) with a bare silicon AFM probe for tapping mode
topography imaging and Pt-Cr covered AFM probe for current-sensing AFM experiments. In
CS-AFM tests, an environmental chamber was used to control the humidity in the sample
environment by purging pure Ar gas until the humidity rate fell down to 2-3 %, as evidenced

with a humidity sensor.

11.4.4 Ultra-violet visible spectroscopy

In the ultra-violet visible spectroscopy (UV-vis), the absorbance, or the reflectance, of
targeted materials is measured in the ultraviolet and visible wavelength range. When empty

anti-bonding orbital positions exist in materials, electrons could absorb extra energy and
35



become exited, jump into a higher energy orbital, as shown in Figure I1.6. UV-vis spectra
uses monochromatic laser as the incident energy source to shine the sample, and the
transmission or reflected light is collected. The more easily excited the electrons, the lower
the needed photon energy, thus the longer the absorbed light wavelength. In this way, the

light absorbance efficiency at each wavelength could be obtained.

c*(anti-bonding)

— T n*(anti-bonding)

n (non-bonding)

Energy

o (bonding)

n (bonding)

Figure 11.6: Electron transition in different orbitals

In addition, Tauc, Davis and Mott proposed a relationship®®:

(hva)/™ = B(hv — Eg) (I1.2)

in which h is the Planck's constant, v is the vibration frequency of incident light, o is
the absorption coefficient, Eg is the band gap, B is the proportional constant. In the exponent
I/n, n denotes the transition property of the sample, and its value is Y2 for direct allowed

In a5 the vertical

transition and 2 for indirect allowed transition. From the plot using (hva)
axis and hv as the horizontal axis, a curve could be drawn tangent to the linear part and the hv
value of the intersection to the horizontal axis is the band gap value. The unit of hv is eV and

its value can be calculated by the equation hv =hc/A = 1239.7/A eV.

For thin film samples, the value a could be estimated by the equations (I1.3) and (IL.4):

ad = In((1 — R?)/T) (IL3)
a =In[(1 — RY)/T)] /d (IL4)

In which d is the thickness of the thin film sample, R is the reflectance of the sample,
T is the transmittance of the sample. Neglect the reflectance, then we could get equation (I1.5)

from equation I1.3:
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a=In(1/T) /d (IL5)
Considering that:
A=1In(1/T) (IL.6)
Where A is the absorbance of the sample, (I1.5) could be written as:
a=A/d (IL7)

Thus, equation (I1.2) could be transformed into equation (I1.8)
A
(hv 3)1/" = B(hv — Eg) (11.8)

With the result of absorbance at each wavelength and the thickness of the film, the

band gap could be derived.

UV-vis spectra were recorded using a UV-vis spectrophotometer U-4001 (HITACHI)
equipped with a built-in 60mm Integrating Sphere. A deuterium (D2) lamp is used to
generate the excitation light. The UV-vis spectra were recorded in wavelength range 900 —

220 nm in a step of 0.5 nm.
11.4.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic
technique that is commonly used to determine the elemental composition and chemical state
(oxidation state and surrounding chemical bonds) of atoms of solid samples™”. It uses an X-
ray beam irradiating the sample surface and characteristic photoelectrons escaped from
sample surface are detected within a depth of 10 nm in high vacuum. Usually, an XPS
spectrum is a plot of the number of excited characteristic photoelectrons against the binding

energy. The binding energy is determined by:
Ebinding = LEphoton — (Ekinetic + ¥) (IL9)

where Epinding 15 the binding energy of the electron, Eynoton 15 the energy of used X-ray photons,

Exinetic 18 the kinetic energy of the electron and i is the work function relying on both the
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spectrometer and the material. Usually, the binding energy could be given directly by the
instrument after calibration. Each element produces characteristic photoelectrons
corresponding to the electronic configuration of the electrons within atoms at specific binding
energy values, which could be used to determine the existence and quantity of elements on

the sample surface.

The chemical state of a species refers to its local bonding environment, which is
influenced by its intrinsic oxidation state, the identity of its nearest coordination atom, the
bonding type between the species with the nearest coordination atoms, and even the bond
with the second nearest coordination atom™". This influence causes the binding energy of the
questioned species to shift to a higher or lower energy region, which is called chemical shift.
The existence of chemical shift makes the binding energy peak of each species in an XPS
spectrum a combination of several peaks other than just one peak. By comparison with the
standard binding energy of possible coordinate bonding relationship, the XPS peak could be
split into several species corresponding to different chemical states, such as the oxidation

state.

In this thesis, XPS spectra were collected using an Omicron (ESCA+) X-ray
photoelectron spectrometer in ultra-high vacuum (1.10'° mbar), and the X-ray source was an
Al Ka (hv = 1486.6 ¢V, Power: 280 W). All of the samples were characterized as prepared
without any other pre-treatments. After the data collection, the calibration of the binding
energies was performed with respect to C 1s peak (binding energy = 284.7 eV). The Casa

XPS software package was used for all the data analysis.
1.5 Characterization of electrochemical properties

Electrochemical characterization techniques such as cyclic voltammetry (CV),
chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS) were
performed using the same setup as the one used during the electrodeposition procedure, i.e. a
three-electrode electrochemical cell controlled by a potentiostat (VSP, BioLogic). However,
the reference electrode was replaced by a commercial mercury/mercuric oxide electrode (0.1
M KOH aqueous solution filled Hg/HgO, MOE, Radiometer Analytical, 0.171V vs. NHE) in
order to fit the high alkaline electrolyte solution. Usually, the aqueous electrolytic solution

contained 0.1 M NaOH. In some occasions, 1 M NaOH and 1 M KOH solutions were
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adopted instead. The MOE was also calibrated as described in chapter II.3, see appendix for
details.

11.5.1 Cyclic and linear sweep voltammetry

Cyclic voltammetry (CV) is the most important characterization technique for OER
catalysts. It provides the basic parameters for the evaluation of the catalytic performances,
such as the onset potential of OER, the faradaic current exclusively related to OER at a given
potential and the kinetic performances of the catalytic sample towards OER. In addition, a
Tafel plot, which is the most useful graph for the evaluation of catalytic properties of
investigated solid catalysts towards OER, could be derived from the linear sweep
voltammetry (LSV) curves. According to Butler-Volmer equation for a monoelectronic redox

reaction’™:

i =ile™ —e(-0f ] (I1.10)

where i, is the exchange current in equilibrium potential, « is the charge transfer coefficient,
/=F/RT, with F, the Faraday constant (96485 C.mol"), R, the ideal gas constant (8.31 J.K
" mol™) and T, the temperature (in K). is the overpotential, i.e. the difference of the applied
potential to the equilibrium potential. When the value is large enough, e~ » e~/ |

equation (I1.10) could be turned to the following simplified form:

i =ije (IL.11)
RT RT

= —Ini, — —Ini I1.12
aFlmO aFlm ( )

Also, for any number n, there is following relation:
Inn = 2.3logn (IL.13)
Thus formula (I1.12) turns to:
RT RT
= 2.3—logi, — 2.3—logi .14
30(F ogiy 30(F ogi (IL.14)
The value —2.3 RT /aF is called Tafel slope, the smaller this value is, the bigger the

value of a, the faster the corresponding half redox reaction. Usually, the current i is replaced
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by the current density j in order to make the comparison between different electrodes more
reasonable. A Tafel slope extracted from a figure showing the linear variation of the
overpotential  versus log i, established itself from a LSV curve, provides the ability to

estimate the catalytic effect of an electrode material towards OER.

In this thesis, CV curves were acquired in a given potential range verses to the MOE
electrode, the scan rate was set to be 10 mV/s. Either single scan or multiple scans was
performed depends on the sample. As a comparison, bare substrates were characterized along
with MnO, samples. Before each CV test, the system was kept at 0 V vs. MOE for 10 s in
order to stable the collected data. Most of the cyclic voltammetry curves were iR corrected
based on the series resistance measured by EIS at 100 KHz (the title of the potential axis in
the cyclic or linear voltammogram figure is “E — iR” instead of “E”). The calculation was

based on equation II.15.

E = Eneasure — Umeasure X Ra (IL15)

where Epcqsure and imeqsure are the measured potential and current, R, is the measured

series resistance.

11.5.2 Chronoamperometry

Chronoamperometry is a simple method to study the stability of electrocatalysts. It
consists in fixing the potential bias of the working electrode in a potential region where the
sample is known to be active to electrocatalyze water oxidation into oxygen. The current is
recorded as a function of time. As for a catalyst with good stability, the faradaic current
beyond the current transient in chronoamperometry test should keep the same value over the
whole test period. By drawing a i-t curve, i.e. a chronoamperogram, the stability could then
be seen clearly. In this thesis, most of the chronoamperometry experiments were performed at
0.9 V vs. MOE with a duration varying from 10 min to 12 hours in order to evaluate the long-

time stability of our MnO, samples.

11.5.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a commonly used electrochemical

technique for studying the dynamics of an electrochemical process occurring at the interface
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between the electrode surface and the electrolyte. It shows the impedance response of the
system on a wide frequency range, providing information about the rate limiting reaction
steps and the dominate reaction steps at certain frequencies®”".

In the potential electrochemical impedance spectroscopy (PEIS), which is used in this

thesis, the current response is recorded as a function of a small sinusoidal potential

perturbation operated for different frequency values, as shown in Figure I1.7.
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Figure 11.7: Schematic diagram of potential electrochemical impedance spectroscopy.

The real time potential E(t) could be expressed by:
E(t) = Ey + AE sin(wt) (I1.16)

where Ej is the set potential which is fixed at the beginning of the test, AE is the amplitude
of the potential perturbation, w is the angular frequency calculated from the real time

frequency f by w = 2mf. Then we have the expression of the current response I(t):
I(t) = I, + Al sin(wt + @) (I1.17)

where I is the current response to Eo, Al is the current response to perturb potential AE, and
@ 1s the phase shift between E(t) and I(t). In this case, the impedance corresponding to a

given frequency could be calculated by the following relation:

AE(w)  AEsin(wt) sin(wt)
Al(w) ~ Alsin(wt +¢) ~ “°sin(wt + @)

Z(w) = (IL18)
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where Z is the original impedance of the system.

In addition, according to Euler’s relationship,

e/ = cos¢ +jsing (IL.19)
The potential could also be written by:

E(t) = Ey + AE®t (11.20)

And the current response is:

I(t) = I, + Ale)@t=®) (I1.21)
Thus the impedance has the following form:

AEe®t

Z(w) = Aol @t-@)

Zoe)? = Z, (cos @ + jsing) =Z'(w) +jZ" (w) (IL.22)
with Z'(w) = Zycos @, Z'" (w) = Zy sing. Z'(w) and Z'" (w) are the real part and imaginary
part of the transfer function, respectively. Usually, Z'and Z"'are denoted by Re(Z) and Im(Z).

There are two commonly used graphical representations of the electrochemical

impedance:

1) The bode plot. It usually contains a Bode magnitude plot, which expresses the
module of the impedance response against the frequency, and a Bode phase plot, which

expresses the phase shift against the frequency.

2) The Nyquist plot. It uses the values of —Im(Z) and Re(Z) as the Y axis and X axis,
respectively, as shown in Figure IL.7. In a Nyquist plot, each data point represents the

impedance response to a given frequency.

The Nyquist plot is usually analyzed by fitting to an equivalent circuit model (EC)"".

An EC model always contains different elements, among which usual electrical components
such as resistor (R), capacitor (C) and inductor (L) are the most commonly used elements.

However, a Nyquist plot could often be fitted with the help of different equivalent circuits. It
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is therefore important to keep in mind that each elementary component in an equivalent
circuit should have a reasonable electrical or electrochemical meaning in the evaluated
electrochemical system. Generally, an electrochemical system should consider the following

elements:

1. Electrolyte resistance. The electrolyte resistance between the working electrode
and the counter-electrode should be considered when constructing an equivalent
circuit for fitting the impedance spectrum. It depends on the physical properties
and chemical composition of the electrolyte solution such as the ionic
concentration, identity of ionic species, surface area of the electrodes and also the
test temperature.

2. Double layer capacitance. When a potential bias is added to a conductive electrode,
electrolyte ions will be absorbed, then the charged electrode and the ions are
separated by an single layer of insulating solvent molecules. The separated two
layers have opposite polarity, thus behaving like a capacitor. The double layer is
located very close to the electrode surface within a distance of the angstrom order,
and it is influenced by the applied potential, ionic concentration, electrode
material, and surface roughness.

3. Polarization resistance or charge transfer resistance. An electrode becomes
polarized when its potential is forced away from the open circuit. The current flow
is hindered by electrochemical reactions occurring on the electrode surface, or in
other words, a resistance exists between the electrode and the electrolyte. Its value
is influenced by the reaction kinetics and reactant diffusion.

4. Diffusion. The impedance caused by diffusion is also called Warburg impedance.
It depends on the applied perturbation frequency, knowing that the smaller the
frequency, the bigger the Warburg impedance.

5. Constant phase element. Simply using a capacitor is sometimes not enough for
fitting impedance spectra, thus a constant phase element is proposed. It has the

following form:

1
Zepp = GG (I1.23)
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where Q is the capacitance and a is an exponent lower than 1. For a pure capacitor, the value

of a reaches 1, i.e. the maximum.

In Figure II.8, a model of an equivalent circuit corresponding to an impedance
spectrum is shown. It has three components, the electrolyte resistance (Rg), a charge transfer
resistance (R.¢) and a double layer capacitance (Cg4;). The value of each component can be
derived by simulation. In this way, the parameters of the electrochemical process become
quantitative. Based on the characterization conditions and the mechanism of the reaction, the
EC model will contain different components and combinations in order to get the best
simulation result and the best representation of the electrochemical phenomena occurring at

the working electrode surface.
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Figure 11.8: Nyquist plot and the corresponding equivalent circuit

The fitting of impedance spectra is a most important method to get the information of
reaction mechanism, however, the corresponding reaction of the impedance spectra is
influence by the catalyst material, reaction potential, electrolyte, pH and so on, thus choosing
a fitting equivalent circuit model is the key point to get the most exact and reasonable

simulation parameters.

Fitting of spectra has been carried out in numbers of literatures and the equivalent
circuit models are different from each other, some of the typical models are listed in the table
below, including catalyst material, electrolyte, evaluation potential and the explanation of

each element.

Generally, the models are composed of two pairs of R/C combination, like model 10.

The other models have some changes in the components:
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(1) put one of the R/C pair into series with the resistance in another R/C pair, like

model 8;

(2) put a third R/C pair into series with the resistance in one of the R/C pairs, like the

model 3;

(3) put a third R/C pair in parallel with those two R/C pairs, like model 7;

(4) remove one of the resistance in one R/C pair, like model 5.

(5) Warburg element is added into series with the resistance in one R/C pair and the

capacitor is replaced by a constant phase element if necessary.

Table 11.2: Equivalent circuit models reported in literature for impedance spectra fitting

No.  Conditions model explanation
Rgq: electrolyte resistance,
Electro- R R, charge-transfer resistance, .
deposited 0 Q1 Q2 Q: constant phase ele_ment (CPE) used in place
187 MnOy/Stainless —M— of double-layer_ capacitance (.Cdl),.
steel- 0.1 M W W: Warburg arising from a diffusion controlled
Na.SO Reyg W R process at low-frequency
2o Q,: CPE used in place of pseudo-capacitance of
the material.
R;: the resistance of the electrolyte
0.1 M KOH R¢: the resistance of the catalysts layer
2P 065V (1.66 V C¢: the capacitance.
vs. RHE) Cy;: the double layer capacitance
R, the charge transfer resistance.
. . Rq: uncompensated solution resistance,
I(:Irl,WCiroe,.lBe%_foﬂ Cgim and R.ﬁm}: Felated to thg dielectric properties
39 078V ’in NaOH and the resistivity of the ox.lde film
l.M (Hg/HeO Cy;: the double layer capac1tapce._
0.1 M NaOH) R, and R,: connected to the kinetics of the
’ interfacial charge transfer reaction.
Electrolvte | n Evolution Reactionatthe | Inner Oxide | ChmRm: the dielectric properties and the
falion B— i == i resistivity of the underlying compact oxide film,
i ] I respectively.
4049 multi-cycled ' Ve | G | Cy the double-layer capacitance,
5] iron oxy- ! } ! Rgq: the uncompensated electrolyte resistance.
hydroxide films Bt | ! ! Rs and Rp: related to the kinetics of the
! g ! " interfacial charge transfer reaction.
! — ' C, and Rs: the relaxation of the charge associated
I ! I with a surface intermediate.
- Rgq: the electrolyte resistance
| Rao | Q Rct: charge-transfer resistance (equal to diameter
of the semicircle),
](E}\;I&]?Oo\fgrsfd _/VW\ >> ) Q: constant phase ele_ment (CPE) used in place
5091 S CiE of double-layer capacitance(Cyy),
B]Sl M Na,SO, W: Warburg arising from a diffusion-controlled

process at low frequency
Q,: CPE used in place of the pseudocapacitance
of the material.

45



6-MnO, on FTO

o R, Ry:the electrolyte resistance
open cireuit R Y'w_@ R the charge transfer resistance,
{977  potential; open s ; . . on
6 S —w ——|l— Z,.: the resistance related to the ion diffusion,
circuit . i
potential ” Cy Cyqi: the _do_uble-la){er capacitance
mol.L ! NaySO, Cy C:the limit capacitance
Cyy CPE Cu
r-MnQO, on (o]
7% nickel - —
sheet R, — —
Ry Repe Reo
Cpui: the space charge and Helmholtz double-
CPE, layer capacitances together replaced by a constant
FTO/NIO: 0.40 >> phase element, CPEy .
and 1.50V in C,: surface state (trap state) capacitance
1991 . R,: the series resistance
8 a 0.60m borate . . .
Ry trap state resistance, representing resistance
buffer vs. . .
caused by the recombination of charge carriers at
Ag/AgCl
the surface traps;
R« charge-transfer resistance from the surface
states to the electrolyte
FTO/11a- film dl Rs: the solution resistance
BaSrCoFe; Qfim and Rg,: the dielectric properties and
9o 1.408-1.588 V resistivity of the film;
vs. RHE R Qg and R: the double-layer capacitance and the
In 0.1 M KOH s R R interfacial charge-transfer resistance
film ct
NiCo,04; 0.75- Rs: solution resistance
0.79 Vin O, Ro: oxide film resistance,
101"°  saturated 0.1 M Rs Ro Rt Rt: charge transfer resistance of OER
1 KOH Ag/AgCl Q: constant phase element (CPE) corresponding
(I1MCI,020V to the oxide mass represent (Q1) and the interface
vs. NHE) Q1 Q2 between oxide film and electrolyte (Q2)

In this thesis, the EIS spectra were recorded using the electrochemical setup
mentioned above. The potential was set to be at 0 V vs. MOE or in OER onset region. Before
each test, the electrochemical cell was maintained at test potential for 30 s. The frequency
range was from 100 kHz to 100 mHz with a perturbation amplitude of 10 mV. The simulation
of the EIS spectra was performed using a Simad software (developed by LISE). The
equivalent circuit model extracted from ref *! was used for simulation. The double layer
capacitance (Cqy) and film capacitance (Cim) Were replaced by constant phase element (CPE)
in order to make the simulation more accurate, as shown in Figure I1.9. The meaning of each
component is the same as listed in Table 11.2: CPEg;, and Ry, represent the dielectric
properties and the resistivity of the underlying compact oxide film; CPEy represents the
double-layer capacitance; Rq represents the uncompensated electrolyte resistance; Rp is
related to the kinetics of the interfacial charge transfer reaction; C; and Ry represent the

relaxation of the charge associated with a surface intermediate.
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The value of each component was adjusted until the difference between experimental

result and simulation result reached the smallest values in the whole spectrum.

— 7] q
CPEdI C:PEﬂlm

-_' Cs

R, Réiim

Figure 11.9: Equivalent circuit model for EIS simulation

11.6 Photoelectrochemical water splitting

Photoelectrochemical water splitting (PECWS) employing solar light is the final
target of this work aimed at investigating photoelectrocatalysts for water oxidation. Solar
light is absorbed by water oxidation photoelectrocatalysts to lower the potential demand that
is required to allow water oxidation. Also, material properties may change due to the solar
energy absorption. For example, their electronic conductivity may become higher under light
(photoconductivity) thus facilitating the charge transfer and electron transport efficiencies. In
addition, the power and optical spectrum of the absorbed light may have a great influence on
the PECWS activity, as higher efficiency provides more photon energy that could be used for

water splitting.

In order to carry out PECWS experiments, a special electrochemical reactor was
designed and fabricated in LISE (see Figure I1.10). According to literature, the absorbance of
the MnO, is expected to occur within the 300 - 600 nm wavelength range!'**'®l. Thus, the
reactor contains a quartz crystal window allowing the light to enter the reactor and shine the
sample without energy loss in the desired wavelength range. As far as the electrodeposition

procedure is concerned, the other parameters kept the same values.
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Figure 11.10: Reactor used for photoelectrochemical water splitting experiment.

The simulated solar light was provided by a solar simulator (AM 1.5) equipped with a
short arc 300 W Xenon lamp as light source (LOT Quantumdesign). An optical fiber linked
to the light house was applied to conduct the light in order to ease the setup. The intensity
was measured and calibrated by using a radiometer provided by LOT Quantumdesign. For
the details of the calibration, see appendix A.2 Calibration of solar simulator. The light power
density was set to be 100 mW/cm?, corresponding to the light power intensity of natural

sunlight.
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Chapter I11: Basic mechanism of electrodeposition of
stable MnO, thin films on different substrates

I11.1 Introduction

Electrodeposition is a technique commonly used for the preparation of thin film
materials. However, in the frame of this work, the challenge with this technique is to reach
simultaneously a mechanical and chemical stability as well as a (photo-)electrocatalytic
activity that will be both promising for the obtained electrodeposited films. In this chapter,
electrodeposition procedures were thus confirmed or developed on Pt, Indium Tin Oxide
(ITO), Fluorine doped Tin Oxide (FTO) and homemade amorphous carbon nitride (a-CNx)
working electrodes so as to study the influence of the electrode material on the mechanical

stability and/or (photo-) electrocatalytic activity of resulting MnQO; thin films.

I11.2 Basic mechanism of water oxidation on a clean Pt electrode:

preliminary checking experiments.

MnO, electrodeposition occurs on many different types of substrates through a 2-
electron oxidation reaction from Mn”" cations used as precursors. The mechanism of the
formation of MnO, thin films on a working electrode has been widely discussed, several
mechanisms have been proposed, but it is difficult to define one single route because it is
influenced by a large variety of factors such as the ion concentration, pH and deposition

techniques!'**'%”

. As a consequence, a deep understanding of the -electrodeposition
mechanism is important to obtain a highly active and stable MnO thin film possessing a very
good photoelectrocatalytic activity. For this purpose, a bulk Pt electrode was employed as a
model electrode material in the first part of our investigations. It offers a smooth surface, a
simple chemical composition, and an excellent electronic conductivity, and more importantly,

it can be reused easily after polishing, careful cleaning and rinsing.
111.2.1 Electrochemical cleaning of bare platinum electrodes

The surface conditioning of the substrate has a great influence on the properties of the
electrodeposited films, as it involves the mastering (selection or suppression) of adsorbed

chemicals, oxidized superficial layer and roughness. Thus, it is necessary to treat and clean

49



the working electrode surface before applying the electrodeposition procedure in order to

produce homogeneous films and make sure the obtained results are reproducible.

For an ideally cleaned Pt electrode, the observation of the electroactivity of hydrogen
in the negative potential range of a cyclic voltammogram (CV) obtained in a sulfuric acid
aqueous solution provides a very convincing test, as shown in Figure III.1. For potential
values lower than 0.5 V vs. Ag/Ag,S0Os, the cathodic peaks reveal the reduction of adsorbed
protons whereas the anodic peaks correspond to the oxidation of adsorbed H, molecules and
the subsequent production of freely diffusing protons. These adsorption phenomena are
known to occur only on perfectly clean platinum substrates. The anodic wave appearing in
the positive potential region is related to the oxidation of Pt into platinum oxy-hydroxide(s)
(Pt(O)«(OH)y) whereas the cathodic peak situated at 0 V vs. Ag/Ag,SO4 reveals the reduction

%] Moreover, for a perfectly clean platinum

of the abovementioned oxidation product(s) |
electrode, this cyclic voltammogram remains unchanged during consecutive potential cycles.
On the other hand, corresponding peak and wave currents may increase in the case of an

ongoing electrochemical cleaning.

E/V v« MOE

0.0 0.5 1.0 1.5 2.0

I I 1 I I
Hydrogen oxidation
and desorption Pt oxidation

, S,
v Vi

oxide reduction

A
Proton adsorption
gnd regiuctlon \

0.5 0 0.5 l 1.5
E/ Vvs. Ag/Ag,SO,

Figure 111.1: Cyclic voltammetry curve obtained on a clean Pt working electrode in a H,SO4
(0.5 M) aqueous electrolytic solution. Taken from ref [108],

Actually, the global cleaning procedure of a Pt electrode commonly includes first a

physical cleaning followed in a second step by an electrochemical cleaning.
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The first step is a physical cleaning aimed at removing solid phase materials or
adsorbed chemicals by mechanical polishing. Here, in our experiments, Pt electrodes were
manually polished using a commercial polishing clothe stuck on a polishing disk, as well as a
fine alumina suspension (average grain size 0.3 um) with ~ 50 8-shape cycles. After

polishing, the electrodes were rinsed thoroughly with distilled water.

The second step is an electrochemical cleaning. It is a very important step for Pt
electrode cleaning. The most commonly used method is to carry out several CV scans in a
wide potential range in a concentrated H,SO4 aqueous solution (see Figure III.2). This
potential range should be wide enough to make sure the electroactivities of platinum and
protons can be exploited in order to get rid efficiently of the contaminants on the platinum

surface.

Figure II1.2.b (right) corresponds to this situation as it shows the CV scans obtained
during the electrochemical cleaning of a Pt working electrode in our experimental conditions.
The potential range was set to be -0.2 V — 1.4 V vs. MSE. A 0.5 M H,SO4 aqueous solution
(pH=0) was employed for this electrochemical cleaning procedure. In this figure, the
electroactivities of hydrogen and platinum are in good agreement with the expectations

formulated from Figure III.1, indicating that the platinum electrode surface is well cleaned.

E / vs. MOE E/V vs. MOE
-0.4 0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
1 ! 1 1 1 1 1 b) 015 1 1 1 L L 1 1 1
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0.10 4
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8 = 0004
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-0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.0 -02 0.0 0.2 04 0.6 08 1.0 1.2 1.4
E/VvsAg E/VvsAg

Figure 111.2: Consecutive cyclic voltammetry curves obtained during the electrochemical
cleaning of a Pt working electrode using a) a large (10 scans) and b) a narrower (20 scans,
deaerated) potential range. Aqueous electrolytic solution: H,SO4 (0.5 M). Scan rate: 50 mV/s.
WE: bulk Pt (diameter 5 mm).
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Figure II1.2a (left) corresponds to a situation where the potential range is much larger.
In this case, oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)
occurring respectively in the anodic and cathodic potential ranges of this CV both lead to an
intense bubbling on the working electrode surface. This latter is sometimes used to help the

removal of undesired adsorbed chemicals or solid film residues at the WE surface.

The influence of the electrochemical cleaning procedure on the cleaning state of a Pt
WE is shown in Figure III.3. The black curve shows the original CV of the Pt electrode
immediately after physical polishing. The anodic and cathodic peaks intensities related to
hydrogen electroactivity are quite weak at the beginning of the test, but they increase slowly
during the consecutive CV scans, indicating that the working electrode surface is getting
cleaner. Nevertheless, even after one hundred scans, the peaks related to proton reduction are

still poorly intense.

The red curve, for which the same Pt electrode was previously cleaned using the large
range potential cycling (see Figure IIl.2a), shows quite intense peaks for hydrogen
electroactivity, meaning that the surface is now in a good condition. Also, it should be
noticed that during the whole test, the red CV curve shows a good consistency, indicating a

good stability of the surface condition.

E/V vs. MOE
-0.2 0.0 02 04 0.6 0.8 1.0 1.2
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Figure 111.3: Consecutive cyclic voltammograms obtained on a Pt working electrode in a
H,SO4 (0.5 M) aqueous electrolytic solution. Scan rate: 50 mV/s. WE: bulk Pt (diameter 5
mm).
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In addition, the positive current appearing on the black curve at potentials higher than
1.0 V, which results from the oxidation of water, has a much higher intensity than the one
observed on the red curve, indicating that the surface bears possibly some highly catalytically
active species other than pure Pt. However, the cathodic peak observed at 0 — 0.4 V vs. Ag on
the black curve, which belongs to the reduction of platinum oxy-hydroxides generated during
the oxidation reaction of platinum in the positive potential range, shows different peak
intensities from one CV to another. Moreover, this peak moves towards more positive
potentials after electrode cleaning, meaning that the electrogenerated platinum based species

are more active and more easily reduced.

Based on the results described above, the physical polishing procedure is not
sufficient for reaching a satisfying cleaning state on a platinum electrode, which implies that
an electrochemical cleaning step is necessary. An electrochemical cycling (consecutive cyclic
voltammetry scans over a relevant potential range) is proved to be a useful method to produce

and test a clean and stable Pt electrode.

111.2.2 Water oxidation on bare and clean platinum electrodes : influencing parameters

Water oxidation is a complicate multi-step electrochemical reaction; it is sensitive to
many experimental parameters. In particular, those defining the composition of the aqueous
electrolytic solution, including pH, identity and concentration of ionic species, are always
important factors that affect the performance of the electrode material, as shown with the

following experiments.
a. Influence of the ionic concentration of the aqueous electrolyte.

Figure II1.4 shows the linear sweep voltammetry curves of water oxidation on a Pt
electrode in an acidic electrolytic solution for different ion concentrations. These experiments
were carried out in a home-made electrochemical cell allowing the relative positioning of the
three electrodes to be easily reproduced (see section 11.7). In these conditions, one can expect
ohmic drop effects that do not depend on the electrode positioning. For NaNO3;/HNO;
solutions (see Figure III-4a), as the salt concentration increases , the anodic current related to
water oxidation and measured at a given potential (1.5 V vs. Ag for example) increases too,

but when the salt concentration is high enough, for example when [NaNO;3]/[HNOs] ratios
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achieve 7 and 15, this anodic current is lower. However, for the Na,SO4+/H,SO4 solution, this

activity increases continuously with the concentration.
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Figure I11.4: Linear sweep voltammograms showing water anodic oxidation on a Pt WE in
an acidic aqueous medium for different a) [NaNO3]/[HNOs] or b) [Na,SO4]/[H,SO4] ratios.
Scan rate: 50 mV/s. WE: bulk Pt (diameter 5 mm).

On the other hand, from the electrolyte resistance values measured by EIS in these
electrolytic solutions, and listed in Table III.1, it appears as expected that the electrolyte
becomes more ionically conductive as the ionic concentration increases, and the HNOj
solution has a smaller electrolyte resistance value than the H,SO4 solution at the same pH
value. This trend does not seem to result from an influence of the limit ionic molar
conductivity values for nitrate (71.4 S.cm®mol”) and sulfate anions (160 S.cm’.mol™),
respectively. These observations are sufficient to show that anions provided by the electrolyte
have a substantial influence on water oxidation, possibly via either a chemisorption or an

electrosorption phenomenon, depending on their identity.

Table I111.1: Electrolyte resistance of the different test aqueous electrolytes used in this

study*.
Salt/acid concentration
0 1 3 7 15
ratio
Retec.(Na2SO4/H,SO4) / Q 97.4 90.7 69.6 44.1 27.2
Reiec (NaNO3/HNO3) / Q 61.5 51.5 39.8 27.3 19.2

* Resistance values are measured by using the high frequency limit of the EIS spectra recorded in
these electrolytes.
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Figure II1.5 shows the linear sweep voltammograms in alkaline (NaOH) electrolytes
in the presence of various concentrations of either sodium nitrate or sodium sulfate. Clearly,
as the ion concentration increases, the anodic current related to water oxidation increases
markedly. Simultaneously, the pH values of both solutions only slightly decrease, indicating
that the high ionic concentrations inhibit the electrochemical reactivity of OH in the
electrolyte. However, unlike the NaNO3;/HNO; and Na,SO4+/H,SO, acidic electrolytic
solutions, when the concentration is high enough, the promotion effect becomes more limited,
as shown by concentration ratios reaching 7 and 15. Moreover, the activity of the Pt electrode

in the high potential region has an inflection, indicating possibly some mechanism changes.
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Figure 111.5: Linear sweep voltammograms showing water anodic oxidation on a Pt WE in
an alkaline aqueous medium for different a) [NaNO3]/[NaOH] or b) [Na,SO4]/[NaOH] ratios.
Scan rate: 50 mV/s. WE: bulk Pt (diameter 5 mm).

From the above results, it appears that both the ion concentration and identity of the
electrolyte have a great influence on the electrochemical activity of platinum towards water
oxidation. Moderately concentrated aqueous electrolytic solutions will promote the water
anodic oxidation reaction, which could be ascribed to the increase of the solution
conductivity caused by the high ionic concentration. Highly concentrated solutions will make
the reaction possibly more complicated (appearance of a shoulder on the anodic wall) or
hinder the activity of electrode material, possibly as a consequence of anion adsorption
phenomena. One can also observe by comparison between figures II1.4 and IIL.5 that water
oxidation appears at much lower anodic potentials when the pH is more alkaline. This is not

surprising, knowing that water oxidation is a pH-dependent redox reaction whose Nernst
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potential is expected to shift by 60 mV per pH unit towards more cathodic potentials,

according to Nernst equation related to the O,/H,0 redox couple.
b. Influence of pH

The linear sweep voltammograms shown on Figure II1.6 were obtained in various
electrolytic solutions possessing different pH values. Both series of experiments show that
only very alkaline pH values (pH 13) lead to a substantial shift of the water oxidation wave
towards cathodic potentials, whereas lower pH values do not produce significantly different

LSV curves.
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Figure I11.6: Linear sweep voltammograms showing water anodic oxidation on a Pt WE in
an alkaline aqueous medium for a) different or b) NaNO3;/HNO3 aqueous electrolytic
solutions, at different pH values (inside the brackets are the theoretical pH value). Scan rate:
10 mV/s. WE: bulk Pt (diameter: 5 mm).

c. Influence of start potential and scan rate on water oxidation

In addition, it was found that the electrochemical activity of Pt is also related to the
starting potential and scan speed of the test, as shown in Figure I11.7. As the starting potential
increases, the onset potential (or wave foot potential) of water oxidation increases too, which
means that the electrochemical activity of Pt is partially inhibited. As the test starts at a
higher potential, the Faradaic charge time decreases, which might lower the ion concentration
very close to the electrode surface, and make it in a non-equilibrium state, thus hindering the
water oxidation reaction. Moreover, a slightly better activity was found when the scan rate
increases. This is commonly known and resembles the behavior described by Randles-Sevcik
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equation, in which the peak current is proportional to the square root of scan rate (i, « v'"?

for a freely diffusing redox species and to the scan rate (i, « v) for a redox species grafted on

the working electrode surface!'*”.
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Figure 111.7: Linear sweep voltammograms of water oxidation on a bulk Pt electrode with
different a) starting potentials and b) scan rates. Aqueous electrolytic solution: H;SO4 (pH=1)
with Na;SOy, [Na;SO4])/[H,SO4]=15.

As discussed above, the electrochemical activity of the working electrode material
towards water oxidation is very sensitive to the experimental parameters, whether they are
electrochemical or related to the chemical composition of the solution, which makes the
comparison of the experimental results very difficult when they come from different research
groups. Thus, a unified electrochemical procedure aimed at the evaluation of (photo)-

electrocatalysts is necessary to make the obtained results comparable.
111.3 Electrodeposition of MnO, films on Pt electrode

111.3.1 Electrodeposition and electrochemical reduction of MnO, films

In order to get more familiar with the electrodeposition and electrochemical reduction
mechanisms of manganese dioxide in our experimental conditions, a Pt electrode was used as
a substrate for MnO, electrodeposition. Figure II1.8 is the CV curve of Pt electrode in a
MnSO4/H,SO4 aqueous electrolytic solution (pH 2), which has been employed previously in

our group!''”. The anodic peak located in the positive potential range located between 0.5 V
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— 1.0 V vs. MSE is ascribed to the oxidation of Mn*" into Mn*", according to the following

redox reaction:
Mn?* + 2H,0 - MnO, + 4H* + 2e~ (ITL.1)

The following anodic wave appearing after this peak at potentials higher than 1.0 V is
the start of the water anodic oxidation wave. In the backward scan, a large cathodic wave
extending from about 0.6 V vs. MSE to about -0.7 V vs. MSE reveals the complex reduction
mechanism of the electrodeposited MnO; film. This wave is followed by the electrochemical

reduction of protons.
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Figure 111.8: Cyclic voltammetry curve of MnO, electrodeposition and reduction on a bulk
Pt working electrode. Electrolyte: MnSOj4 (0.3 M), H>SO4 (pH 2.0). Scan rate : 10 mV/s.
According to literature, the oxidation of Mn®" to Mn*" is not simply a one-step

reaction, but rather a multi-step anodic oxidation mechanism which is also called a ECE

[111-113

mechanism I In this model, the first step of MnO, electrodeposition is the formation of

Mn’", as given by reaction II1.2:
Mn?*t - Mn3* + e~ (111.2)
Then it goes through a hydrolysis reaction, as given by reaction III.3 and I11.4:

Mn3* + 2H,0 > MnOOH + 3H* (I11.3)
MnOOH —» MnO, + H* + e~ (I11.4)
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In this way, MnO, is generated on the electrode. At the same time, Mn®" may go
through a disproportionation reaction to form Mn*" in concentrated acid aqueous solutions

and then form MnO,, as given by reaction IIL.5 and IIL.6:

2Mn3t > Mn?* + Mn*t (1IL.5)
Mn** + 2H,0 - MnO, + 4H* (11L.6)

In this ECE model, an intermediate MnOOH compound, which is insoluble, forms an
insulating film as an intermediate during the formation of MnO,, and it may remain in the
structure of the final electrodeposited film, leading to an inhomogeneous chemical
composition. In Figure II1.8, the oxidation peak seems to be a single peak with a very brutal
increase of the current, and it is thus difficult to separate the different steps of the

abovementioned global electrodeposition mechanism.

During the electrochemical reduction of MnO,, a reverse two-step reduction process

is believed to happen, as given by reaction III.7 and IIL.8:

MnO, + H* + e~ -» MnOOH (II1.7)
MnOOH + 3H* + e~ -» Mn?* + 2H,0 (11L.8)

Viewing from Figure II1.8, the backward scan of the CV clearly shows a multi-step
mechanism, with a first step located at 0 - 0.7 V vs. MSE corresponding to reaction I11.7 and
a second one located at -0.7 - 0 V vs. MSE attributed to reaction II1.8. In this sense, MnOOH

also plays a significant role in the electrochemical reduction mechanism.

To further investigate the electrodeposition and electrochemical reduction of thick
MnO, films, a separated two-step electrochemical procedure was performed. MnO, films
were electrodeposited by 20 CV scans using the potential range situated between 0.45 and -
1.2 V vs. MSE, as shown in Figure III.9a and c. The electrochemical reduction was
performed in a H,SO4 aqueous electrolytic solution with and without the presence of MnSQy,
as shown in Figure II1.9b and d respectively. During the electrodeposition procedure (curves
a and c), it is clear that the first scan shows the highest anodic peak current, and it decreases
continuously as the electrodeposition process goes on, without reaching 0, which indicates
that the MnO, film electrodeposited on the working electrode surface is either not insulating,

or insulating but not homogeneous. According to the ECE mechanism described above,
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MnOOH forms as an intermediate film only and MnO, is expected to be either a poor
conductor or a semi-conductor. During the first cycle, MnO, is formed on bare and highly
electronically conducting Pt surface, thus the faradaic current is high. However, during the
subsequent CV scans, further MnQO, layers are electrodeposited on top of a potentially porous

MnOOH/MnO;-layer, expected to possess a lower conductivity, thus the current is limited.

As the electrodeposited MnO; film becomes thicker, the current decreases continuously.
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Figure 111.9: Cyclic voltammetry curves showing MnQO, electrodeposition (a and c, 20
consecutive scans) and electrochemical reduction (b and d, 5 consecutive scans) in an
aqueous electrolytic solution containing H,SO4 (pH=1.8) with (a, b, ¢) or without (d) MnSO4

(0.3 M). Scan rate: 10 mV/s. WE: bulk Pt (diameter 5 mm).

During the electrochemical reduction procedure in the MnSOy4 containing electrolyte

(Figure II1.9b and d), two cathodic waves can be observed. The one appearing between 0.5

and -0.75 V vs. MSE (wave N° 1) is attributed to the complex multistep electrochemical

reduction of MnO, into Mn®*; whereas the second one possessing a peak potential close to
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-0.95 V vs. MSE (wave N° 2) is attributed to proton reduction and therefore to the production
of hydrogen bubbles, which may explain the noisy aspect of this second cathodic peak. In the
potential range corresponding to wave N° 2, the curve of the 5™ cycle is noisier than the
curve of the previous cycles, as a consequence of the likely explosion of electrogenerated H,

bubbles on the electrode surface.

On Figure I11.9b obtained in the presence of MnSOy, the current measured for wave N°
1 in the first cycle is intense but it undergoes a dramatic decrease on the second one whereas
the following cycles show a decrease much lower than the one observed between the first and
the second scan. This reduction phenomenon indicates that most of the MnO; film is
electrochemically reduced during the first cycle, and only a small part is reduced during the
following cycles. This trend is even more pronounced during the electrochemical reduction
test carried out in a H,SO4 solution in the absence of MnSO, (Figure II1.9d) as the
electrochemical reduction of MnO; seems to occur almost exclusively during the first scan.
Indeed, it is noteworthy that in Figure II1.9d, all of the CV curves are quite flat with little
cathodic current in the potential region situated between -0.7 and 0.5 V vs. MSE except for
the first cycle. However, when the electrolyte contains MnSOy, as shown in Figure I11.9b, a
much more intense cathodic current is observed in this potential range. Besides, the presence
of MnSQO, allows a small amount of MnQO, to be electrodeposited during the forward scan, as
shown by the presence of a small anodic peak between 0.25 and 0.5 V vs. MSE and a
following cathodic peak on Figure II1.9b. One can also notice that the ratio of the peak
currents of waves N° 1 and 2 appear to be more important on the first cycle of Figure 111.9d
obtained in the absence of MnSO4 than on the first one of Figure II1.9b obtained in the
presence of MnSO,4. Moreover, wave N° 1 has a different shape on those two figures. Those
numerous observations confirm that Mn®" cations initially present in the electrolytic solution

do have a real influence on the electrochemical reduction mechanism of MnO,.

Importantly, although nearly no obvious electrochemical reduction of MnO; is
observed after 5 reduction cycles on Figures II1.9b and d, one can still observe some black
material left on the platinum electrode surface, which means that a part of the MnO, film
could not be reduced. S. Nijjer ef al. studied the electrochemical oxidation and reduction of
MnO; in a H,SO, aqueous solution and found that the electrochemical reduction of MnO,
films firstly takes place at the substrate surface / MnO, layer interface and turns MnO, to

MnOOH through reaction II1.7!'"*!. Therefore, the adhesion of the film to the substrate is
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damaged during the first reduction cycle, making the following reduction more difficult,
which is consistent with the observation here. This theory is also supported by the fact that

the remaining film after reduction can be easily peeled off from the substrate.

Another electrochemical study aimed at better understanding the reduction
mechanism of MnQO, thin films was carried out on a bare platinum electrode in a Na;SOy4
aqueous electrolytic solution, in the presence (see Figure III-10a) or in the absence (see
Figure I1I-10b) of manganese sulfate. An electrolyte with neutral pH was employed instead of
an acidic one so as to preserve from corrosion the Mn metal possibly electrogenerated in the
case of the electrochemical reduction of Mn”" cations. In the absence of manganese sulfate
(see Figure II1.10b, the cyclic voltammogram is almost completely flat and shows therefore
mainly a capacitive current, except at potentials lower than -1.1 V vs. MSE where a faradaic
current attributed to water (proton) reduction can be observed. In the presence of manganese
sulfate in the electrolytic aqueous solution, a cathodic current still appears at potentials lower
than -1.1 V vs. MSE although its variation as a function of the potential on a given scan and
during ten consecutive scans appears to be substantially different from that observed on the
neighboring figure. Such differences are likely to result from the reduction of Mn*" cations

into Mn Metal.
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Figure 111.10: Cyclic voltammetry curves of Pt electrode in a electrolyte with (left) and

without (right) MnSOy. Electrolyte: MnSO4 0.1 M; Na;SO4 0.1 M. Scan rate: 10 mV/s.
Moreover, one can observe anodic peaks on Figure III.10a that do not appear on the
neighboring figure obtained in the aqueous electrolyte without MnSOj4. Although it appears

in a potential range more cathodic than the one corresponding to Mn”" oxidation on Figure
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II1.9a,c, one can attribute this oxidation potential to MnO, electrodeposition possibly shifted
as a consequence of a pH effect (see equation III.1), as this is confirmed by a poorly intense
cathodic peak between 0 and -0.4 V vs. MSE corresponding to the electrochemical reduction

of electrodeposited MnO, thin films.

Besides, a small reduction wave shows up in Figure II1.10 (right) starting from -0.8 V,

this might be caused by the electrochemical reduction of dissolved oxygen traces.

E/V vs. MOE
-1.0 -0.8 -0.6 -0.4 -02 0.0 0.2 04
() ()5 1 1 1 1 1 1 1 1
0.00
-0.05 4
<
= -0.104
-0.15 1
-0.20 1
0254777177171 7
-14 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
E/V vs. MSE

Figure 111.11: Cyclic voltammograms (20 consecutive scans) of Mn?" reduction. Aqueous

electrolytic solution: MnSOj4 (0.1 M), Na,SO4 (0.1 M). Scan rate: 10 mV/s. WE: mica/Pt.
In order to verify the hypothesis of the electrogeneration of Mn metal, a further
reduction test was carried out, as shown in Figure III.11. A bare Pt electrode was cycled for
20 times in a potential range situated between -1.5 V and -1.1 V vs. MSE, starting from 0.1 V
vs. MSE. As a result of this test, a shiny layer of metal was clearly electrogenerated at the
surface of the electrode. This shiny layer was characterized by EDS analysis and the
existence of a Mn metallic film was confirmed. Thus in the low potential region below -1.1 V
vs. MSE, Mn*" is reduced to Mn, as given by reaction II1.9, and the anodic peak appearing at
around -0.2 V vs. MSE on Figure 111.9 possibly contains a contribution of the oxidation of

Mn metal into Mn?>".
Mn?* + 2e” - Mn (111.9)

In order to accurately position the oxygen reduction wave, the experiments reported

on Figures II1.9b and d were repeated by saturating the electrolytic solution with either pure
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oxygen gas or pure nitrogen gas. The results are shown in Figure III.12. For a new solution
without any gas bubbling, a small cathodic wave starts appearing at -0.1 V vs. MSE (see
black curve on Figure I11.12). When the solution is saturated using an oxygen bubbling, this
cathodic wave becomes much more intense (see red curve on Figure II1.12). On the contrary,
it disappears when the solution is saturated using nitrogen bubbling (see blue curve on Figure

I11.12). Thus, this small reduction wave means the solution contains some dissolved oxygen:
2H,0 + 0, + 4e~ —» 40H™ (IT1.10)

However, the intensity of this wave is always very low and very well differentiated by
comparison with the other reduction peak growing from -0.8 V vs. MSE attributed previously
to proton reduction in a sulfate-rich electrolytic solution. Generally speaking, the presence of
dissolved oxygen does not interfere in most of the water oxidation tests carried out in this

thesis.
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Figure 111.12: Cyclic voltammetry curves of a bare bulk Pt electrode in an acidic aqueous
solution in the presence of different amounts of dissolved oxygen gas. Electrolyte: MnSO4
(0.1 M), H,SOy4 (pH 1.8). Scan rate: 10 mV/s.

111.3.2 Influence of electrolyte pH on MnO; electrodeposition

The pH value of the electrolytic is always an important factor in electrochemistry.
According to the reaction formula III.1, MnO; electrodeposition is also sensitive to the pH of
the electrolytic solution. Nernst equation provides a method to calculate the relation linking

the electrolyte pH with the redox potential:
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23RT (2"

E (Mno,/mnzty = E° (Mno, mnz+y + oF 0g (IIL.11)

Apn2+

where E (o, /mn2+) a0d E° (yno, /un2+) are respectively the redox potential and the standard

potential for Mn0,/Mn?* redox couple, ay+ and a,,,2+ are the chemical activities of the H"

and Mn”" ions respectively, F is the Faraday constant, z is the number of transferred electrons
in the redox half-reaction. As Mn>"> MnO, is a two-electron reaction, thus the value of z is

2; 2.3RT/F =0.059, then equation III.11 has the following form:

o 0.059 (ay+)*
E(MTLOZ/MTLZ+) = E (MnOz/an"’) + 2 10

mni (I1L.12)
= E° Mno,/mn2+y + : > ° (log(ay+)* —log aym2+)
Considering that:
pH = —logay+ (IIL.13)
Thus, equation II1.12 could be written by:
E wno,/mn2+y = E° noy,/mn2+y — 0059 log a2+ — 0.118pH (1IL.14)

This means that in an electrolyte containing a given Mn”" concentration, the higher

the pH, the lower the potential needed for the reaction to proceed.

Furthermore, MnQO,, as a metal oxide, is not stable in acidic medium, and it may
dissolve progressively in a highly acidic solution. Accordingly, the pH of the
electrodeposition electrolytic solution should have a great influence on the properties of
electrogenerated films. To evaluate the influence of the pH of the electrolytic solution, MnO,
electrodeposition was carried out in neutral and acidic electrolytes respectively, using the
cyclic voltammetry technique (see Figure III.13a,c). The charges of the anodic peak related to
MnO,; electrodeposition, and of the cathodic peaks related to MnO; reduction and dissolution,
were calculated for each cycle, and plotted as a function of the cycle number, as shown in
Figure III.13b,d. The shape of the consecutive CV curves is similar for both electrolytes (see

Figure III.13a,c), except that an anodic wave corresponding possibly to the first one-electron
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oxidation step of Mn?" shows up at around 0.4 V vs. MSE on the forward scan in neutral
medium (see Figure III.13a). For the current values, it is obvious that the electrodeposition in
an electrolyte with neutral pH produces much higher peak current values (1.1 mA for the
oxidation peak and - 0.7 mA for the reduction peak on Figure IIl.13a) by comparison with
those in acidic electrolyte (0.75 mA and -0.4 mA respectively on Figure III.13c)). This means

that the electrodeposition in an electrolyte with neutral pH is much easier and faster.
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Figure 111.13: Cyclic voltammetry curves of MnO, electrodeposition on Pt electrode in
neutral (a) and acidic (c) electrolytic solutions, and plots of the anodic (Q,) and cathodic (Q.)
coulombic charges corresponding to the neutral (b) and acidic (d) electrolytic solutions
respectively. Electrolytic solution: MnSQOy4 (0.1 M) and a,b) Na,SO4 (0.1 M), ¢,d) H,SO4 (pH
1.8). Scan rate: 10 mV/s. WE: bulk Pt (diameter 5 mm).

In the potential range used for these experiments, we can consider that neither water

oxidation nor proton reduction happen. Thus all coulombic charges consumed during these

consecutive CV scans are either related to electrochemical oxidation of Mn>" cations into
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MnQO, or to MnO, reduction and dissolution into Mn?" cations. In this case, through the
difference observed between the anodic and cathodic charges on each scan in both
electrolytic solutions, we can determine the amount of moles of electrodeposited MnO, as
well as the dissolution rate of MnQO,. Figure II1.13b and d show the evolution of anodic and
cathodic charges as a function of cycle number in the neutral and acidic electrolytic solutions
respectively. These charges were determined by calculating the integral below the current-
time curve deduced from the CV curves shown on Figures III.13a,c. As the cycle number
increases, both oxidation and reduction charges slowly increase beyond the third scan in the
two tested electrolytic solutions and the charge values in the neutral electrolytic solution are

much greater than those in the acidic electrolyte.

Such observation may not only reflect a faster electrodeposition rate in the neutral
medium as this latter appears to be more conducting than the acidic one as a consequence of

its higher background salt concentration.

The film thickness (t) could be calculated by following formula:

t=——=—-

p ngA (IIL15)

RS

where T is the superficial concentration (in mole.cm™), M and p are respectively the molar
mass (in g.mol'l) and bulk density (in g.cm'3) of MnO;. n is the transferred electron number
which is 2 for Mn** > Mn*', A is the geometrical area of the working electrode and Q is the
total coulombic charge used during the anodic electrodeposition of MnO, (see anodic peaks
on Figures III-13a,c. The value of bulk density p was based on an empirical value 5.026
3[110]

g/cm

are listed in Table I11.2.

and other parameters were obtained experimentally. The estimated thickness values

Table I11.2: Estimate thickness of electrodeposited MnO, in different electrolyte.

electrolyte Charge / mC Thickness / um
Neutral Elec. (MnSO4+Na;SOy) 237.4 1.70
Acidic Elec. (MnSO4+H,S04) 78.3 0.56
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Based on the calculated results, it is clear that the film electrodeposited from an acidic
electrolyte is much thinner than the one obtained in an electrolyte with neutral pH. According
to the ECE mechanism mentioned previously, the first step of the anodic oxidation
mechanism of Mn*" into MnOj, is the formation of Mn>* cations, but these latter are not stable
in acidic medium, and they may go through the disproportionation reaction quickly and form
Mn’" and Mn*", as given by reaction IIL.5, which would thus decrease the electrodeposition
rate!''?). In acidic electrolyte, it has been reported that the formation of MnO, is inhibited by a
high acidic strength !''*!. This may therefore also explain the fact that the maximum current

intensity in the acidic electrolytic solution is lower than that in the neutral one.
111.3.3 AFM images of MnO; films electrodeposited on Pt electrode.

The topography of MnO, electrodeposited films was studied by tapping mode AFM in
air, which could provide information on their surface morphology as well as on their
roughness. Figure I11.16 shows three voltammograms allowing the electrodeposition of three
different MnO, thin films (see Figure IIl.16a) from a neutral aqueous electrolytic solution as
well as an AFM image for each of them. The surface roughness values extracted from these
latter are listed in Table III.3. Carrying out similar investigations using the FEG-SEM
technique appeared to be difficult because of the bad adhesion of our MnQO,; films on the
platinum substrates. As shown in Figure III.16, sample (1), which has been electrodeposited
using only one linear voltammogram, has the biggest particle size and the highest roughness
value. There are some little bright spots dispersed on the surface that disappeared after
thorough rinsing by distilled water. They are thus supposed to be the result of the aggregation
of remaining salt species coming from the electrolytic solution in spite of the rinsing and
drying steps. For sample (2) obtained after partial electrochemical reduction of the
electrodeposited MnO, film, the surface becomes less rough and the particle size is also
smaller due probably to the reduction step, indicating the surface was partially reduced and
then dissolved. For sample (3) obtained after an electrochemical reduction step supposedly
exhaustive as deduced from the absence of significant faradaic current at the end of the
backward scan, the surface underwent little changes comparing with sample (2) as given by
the roughness value (even if the image was taken in a smaller area). From this result, it
appears that the first reduction step leading to the formation of MnOOH from MnO,
dominates the change of morphology, while the following step, i.e. the reduction of solid

MnOOH thin film into soluble Mn>" cations has little influence.
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Figure 111.14: a) linear or cyclic voltammetry curves allowing MnO, electrodeposition on a
Pt electrode and b, c, d) the AFM images corresponding to the resulting electrodeposited
films. Aqueous Electrolytic solution: MnSOy4 (0.1 M), Na;SOy4 (0.1 M). Scan rate: 10 mV/s.
WE: mica/Pt.

Table 111.3: Surface roughness of MnO, films by different electrodeposition procedures*.

Sample number (1) 2) 3)

RMS /nm 28 15 14

*Values measured on tapping mode AFM images using the AFM software

111.3.4 Optimization of the electrodeposition conditions of MnO; films on a Pt electrode

The mechanical stability is a crucial property for a solid catalyst. However, in our
experimental conditions, it was very difficult to obtain mechanically stable MnO, films on
platinum working electrodes using the electrodeposition method. Although the cyclic
voltammograms obtained during the electrodeposition step were satisfying, the resulting
films were found to crack and explode into flat flakes after drying up, especially in the thick

films. This made our investigations and exploitation of this kind of MnO, materials quite
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difficult on platinum electrodes. In the course of our investigations, a significant number of
electrodeposition tests have been carried out using cyclic voltammetry so as to obtain stable
MnO, films, but nearly all of them failed, whatever the acidic or neutral electrolytic solution
was. Figure III.14 shows the SEM image (see Figure III.14b) of a MnO; film
electrodeposited with the help of the cyclic voltammogram shown on Figure I1I.14a. We can
see that the surface is quite rough and not homogeneous. After drying up, the film is quite
fragile and cracks appear all over the film.
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Figure 111.15: a) Cyclic voltammogram (20 consecutive scans) allowing MnO,
electrodeposition from an acidic medium and b) SEM image of the resulting MnO, film.
Electrolyte: MnSOy4 (0.3 M), H,SO4 (pH=1.8). WE: mica/Pt.

Another test implying the electrodeposition in a first step (see Figure III.15a) and
electrochemical reduction in a second step of a MnO, film (see Figure III.15b) was carried
out. One can easily observe that the reduction current was much smaller than expected in the
given potential range (see Figure III.15b). This observation may indicate that the film had
already lost the contact with the substrate, which was caused by the film’s mechanical
instability. In the FEG-SEM image shown on Figures III-15c, cracks dispersed on the whole
surface of the film can be observed, and the film “explosion” is even worse upon drying-up.
One can also see some holes on the film, which may be due to the corrosion of MnO; film by
the acidic electrolyte rather than by electrochemical reduction. It is noteworthy that these
films looked flat and stable just after they were taken out of the electrolyte, but they started
degrading during the drying-up procedure. Nevertheless, the FEG-SEM image shown on

Figures III-15d and obtained with an important magnification shows a very interesting
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nanostructuration of the film which offers an important specific area, as usually expected for

solid catalysts.
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Figure 111.16: Cyclic voltammetry curve of MnO; electrodeposition (a) and electrochemical
reduction (b) and SEM images (c, d) obtained after the reduction step. Electrolyte: MnSQO4
(0.3 M) and H,SO4 (pH=1.8) for electrodeposition; H,SO, (pH=1.8) for reduction. Scan rate:
10 mV/s.

The reason for this unstable nature of electrodeposited MnO, films could be the
internal stress created in the bulk of the films upon drying-up. An important thickness makes
the situation even worse. In other words, a 20 cycles number may be too much during the
electrodeposition procedure. Also, the high Mn®" concentration in the electrolyte, the large

potential range and the acidic nature of the electrolyte may also contribute to this result.

Based on these observations, a series of experiments were carried out to optimize the
electrodeposition parameters in order to increase the adhesion of MnO, films to the platinum
substrate, including a decrease of the cycle number, some changes in the chemical
composition of the electrodeposition solution, and also the use of another electrodeposition

technique such as chronoamperometry. As a conclusion of these investigations, it was shown
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that electrodeposition in a concentrated electrolyte makes the resulting films fragile even
using a small cycle number and a short deposition time. Chronoamperometry led to better
results than cyclic voltammetry, and an electrolyte with neutral pH seemed to favor the

formation of stable films.
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sy

TN

Conditions: 0.75 V vs. MSE, 5 min; elec

c) BN

trolyte: MnSQOy4 (0.1 M), Na,SO,4 (0.1 M)
R0 DTV R R TR )

m‘ by : .
| A »
} -
A S L . O v
o W g NS e Vol

oy A0

¢ f S (¥ .

N "

Figure 111.17: SEM images of electrodeposited MnO; films using chronoamperometry. WE:
mica/Pt.

Figure III1.17 shows FEG-SEM images of MnO, films electrodeposited on platinum

by chronoamperometry in different electrolytes. Samples 1 and 2, which were

electrodeposited in acidic and neutral solutions highly concentrated in MnSO,, have some
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cracks, but the adhesion appeared to be largely promoted. Sample 3, that was
electrodeposited in a much less concentrated solution, possessed a much smoother
topography and was stable even when they were obtained with a 30 min electrodeposition
time. In addition, these films showed different nanostructured morphologies. Sample 1 has
the smallest surface structure size, while that for sample 3 is the largest. Samples 1 and 2
show a nanoneedle-like morphology whereas sample 3 rather shows a nanosheet-like

morphology. This may be related to the different nucleation mechanisms and growth rates.

Although those films electrodeposited in highly concentrated electrolytic solutions
using chronoamperometry were stable after drying up, a part of or the whole film dropped off
when they were immersed back in another electrolytic solution, making the evaluation of
their electrochemical and electrocatalytic activities very difficult. On the contrary, samples
electrodeposited in low concentration electrolytic solutions showed a good stability even after

several tests in different solutions.

Based on the results of a variety of experiments, MnO; films electrodeposited using
chronoamperometry from an aqueous electrolyte containing MnSO4 (2 mM) and NaClO4 (50
mM) showed the best stability and repeatability on Pt electrodes. Thus, this strategy was
adopted in the following part of the thesis.

111.4 MnO, electrodeposition on ITO

The electrodeposition experiments carried out on Pt electrodes and reported in the
previous section revealed the electrodeposition and electrochemical reduction mechanisms of
MnO,, and they allowed an optimized electrodeposition method to be defined in view of
getting mechanically and chemically stable MnO, thin films. However, Pt is not a suitable
material for large-scale applications due to its pronounced scarcity on the earth and to its
consequently very high cost. Moreover, transparent electrode materials could be more
convenient at least throughout our experiments so as to allow the use of spectroscopic
characterization techniques. As a result, an alternative cheap and stable electrode material is
strongly required. In this case, a transparent and electronically conducting material such as
Indium Tin Oxide (ITO) was employed. It is frequently used in optics experiments and it also

allows the use of the light to shine the sample from both front and back sides. Here, a glass

73



supported ITO electrode was used in order to favor the systematic characterizations and the

final target of photoelectrochemical water splitting using the light of a solar simulator.
111.4.1 ITO electrode cleaning

Careful ITO cleaning has been reported in details in several publications. Among
them, two methods are commonly used: one is the ultrasonic cleaning and the other is based

[

on acid corrosion !'"*! According to the first one, glass/ITO electrodes were cleaned in

acetone and distilled water for 5 min using an ultrasonic bath, while in the second, which is
also called “acid etching”, “acid activation” or “acid corrosion” method, glass/ITO electrodes
were immersed in a concentrated aqueous HCI solution (37 %) for 40 s, and then rinsed
thoroughly with distilled water. Figure II1.18 shows the topography of glass/ITO electrodes
pretreated by these two methods. As it is shown, the ultrasonic cleaning does not change the
surface morphology which is therefore quite smooth, while with the acid corrosion method, a

part of the ITO coating is removed and the inner ITO crystals are exposed.

Figure 111.18: FEG-SEM images of glass/ITO electrodes cleaned using a) ultrasonic and b)
acid corrosion methods.

The crystalline structure of ITO layers before and after acid corrosion cleaning using
HCI was characterized by XRD and the spectra are shown in Figure I11.19. The diffraction
peaks located at 21.4°, 30.5°, 35.4°, 50.9° and 60.7° are all characteristic peaks of In,O3. No
characteristic signal of crystalline tin oxide is found, meaning that tin oxide is either highly
dispersed in the In,Os structure or its amount is too small to be detected. After HCI
pretreatment, all peaks related to In,O; disappear, meaning that the In,O; structure is

destroyed during acid corrosion.
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Figure 111.19: XRD spectra of bare ITO and HCI pretreated ITO
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Figure 111.20: Linear sweep voltammetry curves obtained on pretreated ITO electrodes in an
aqueous acidic electrolytic solution. Electrolytic solution: H,SO4 (pH=1.8). Scan rate: 10
mV/s.

In order to evaluate the influence of different cleaning methods on the electrocatalytic
activity of glass/ITO electrodes towards OER, linear sweep voltammetry experiments were
carried out in an aqueous acidic electrolytic solution, as shown in Figure II1.20. Water
oxidation starts from ~ 1.5 V vs. MSE, but the oxidation current starts decreasing
dramatically at about 2.2 V vs. MSE, to form a plateau followed by another current drop
situated at 2.7 or 2.9 V vs. MSE. Moreover, the peak current of water oxidation of the un-
cleaned sample is higher than the one observed on clean ITO samples, the one obtained on
the ultrasonically cleaned ITO sample being more intense than the one measured on the ITO
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sample cleaned in the HCI aqueous solution. Moreover, these ITO electrodes showed little
electrocatalytic activity towards water oxidation during the second consecutive LSV test (not

shown here), indicating that the ITO layer is severely damaged during the first sweep.

It has been found that ITO reacts quickly with water molecules, carbon oxides or
other impurities in atmosphere. Un-cleaned ITO surfaces might bear impurities which can
either be oxidized or possess a little electrocatalytic activity, leading thus to an oxidation
current that is a little higher than those obtained on the clean ITO substrates [''®. A. Kraft
studied the chemical behavior of glass/ITO substrates during strong anodic polarization
procedures in neutral aqueous solution and found that Indium was dissolved into the
electrolytic solution by loss of the structure oxygen atoms, while tin atoms could stay in the
coating by combining with OH™ anions to form tin hydroxide, as given by reaction IIL.16"",
M. Senthilkumar et al. also studied the performance of glass/ITO substrates in acidic
electrolytic solutions during cathodic polarization procedures and found that Sn is more

easily dissolved in acidic medium!"®),

In our case, the electrolytic solution is acid, thus
Sn(OH)4 could not exist as a stable species, which inevitably leads to dissolution of the whole

ITO layer, thus making the electrode electrochemically inactive for water oxidation.

2In,05 > 4In3* + 1110, + 12e~ (I11.16)
Sn0, » Sn*t + 0, + 4e™ (111.17)
Sn**t + 40H~ - Sn(OH), (111.18)

111.4.2 Electrodeposition of MnO, on ITO electrode

A LSV curve was performed in an aqueous and acidic electrolytic solution in the
presence of MnSOy in order to study MnO, electrodeposition, as shown in Figure II1.21. For
pretreated glass/ITO electrodes, the electrodeposition onset potential and peak current were
higher than on un-cleaned glass/ITO electrodes, and the acid corrosion pretreatment led to a
slightly stronger promotion effect than the ultrasonic cleaning in acetone. This shows the
beneficial effect of acid corrosion cleaning on the electrocatalytic activity of glass/ITO
electrodes, which is consistent with literature reports indicating that ITO could be more
activated by exposition to strong acids "',

Moreover, water oxidation was observed in a potential range appearing beyond MnO,

electrodeposition, starting at around 1.9 V vs. MSE for all samples, after a significant current
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drop. It therefore appears in a potential range slightly more anodic than on Figure I11.20, right
before the severe current drop which is ascribed again to the dissolution of the ITO layer. The
relatively low current intensity should be ascribed to the coverage of MnO, which decreases

the contact area between the glass/ITO substrate and the electrolytic solution.

E/V vs. MOE
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Figure 111.21: Linear sweep voltammetry curves obtained on either pristine or pretreated
glass/ITO electrodes in an aqueous and acidic electrolytic solution in the presence of MnSO4.
Electrolytic solution: H,SO4 (pH=1.8), MnSO4 (0.1 M). Scan rate: 10 mV/s.

Based on the electrodeposition tests carried out on Pt substrates, electrolytic solutions
containing a low MnSQOy concentration appeared to favor the formation of mechanically and
chemically stable MnO, films. Thus MnO, electrodeposition was performed on glass/ITO
substrates in such electrolytic solutions, as shown in Figure II1.22. The LSV curves show the
same trend as that observed in acidic electrolytic solution, i.e. acid corrosion cleaned ITO
substrate has a better electrocatalytic activity than the ultrasonically cleaned and un-cleaned
glass/ITO electrodes. Then, the resulting glass/ITO substrates coated with a MnO, layer were
tested in the alkaline electrolytic solution for the evaluation of their electrocatalytic activity
towards OER. As expected, the MnO, film electrodeposited on HCI cleaned ITO electrode
showed the best electrocatalytic activity towards OER, whereas the ultrasonically cleaned
sample has only slightly better activity towards OER than un-cleaned ITO sample, indicating
the small promotion effect of this latter cleaning procedure. Comparing with bare ITO
electrode, all ITO electrodes covered with a MnO,, layer show a better activity towards OER,
which is ascribed to the electrocatalytic activity of the MnO; film, but this improvement is

not ideal and the strategy of film preparation needs to be further developed.
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Figure 111.22: Linear sweep voltammetry curves of a) MnO, films electrodeposition and b)
corresponding OER tests in NaOH (0.1 M) on HCl and acetone cleaned ITO substrates.
Electrodeposition electrolytic solution: MnSO4 (2 mM) and NaClO4 (50 mM). Electrolytic
solution for OER tests : NaOH (0.1 M). Scan rate : 10 mV/s.

It has been reported that exposure of ITO substrates to a concentrated HCI aqueous
solution could remove surface absorbates and contaminants, promote the absorption of

reactants, and thus promote their electrochemical performances!''™

. In our case, the
promotion effect is clearly confirmed as HCI cleaning of glass/ITO electrodes favors the
MnO; electrodeposition and the consequent electrocatalytic activity towards OER comparing

with acetone ultrasonic cleaning.

From now on in this work, glass/ITO electrodes were all cleaned by using the acid
corrosion method as described in section II1.4.1. The MnO; films were electrodeposited using
chronoamperometry at different potentials and the electrolytic solution contained a low
MnSO;4 concentration. Figure I11.23a shows the linear sweep voltammetry curve obtained in
such electrodeposition solution. Oxidation of Mn”" cations starts at 0.40 V vs. MSE and an
anodic current peak appears at 0.65 V vs. MSE. The huge current increase appearing from 1.6
V vs. MSE reveals water oxidation. Figure II1.23b shows several chronoamperometry curves
corresponding to the potentiostatic electrodeposition of MnO, using different
electrodeposition potential values. Coulombic charge density values were calculated
according to integrated coulombic charges and to the geometric surface area of the ITO
electrodes. It is obvious that the charge density increases continuously as the deposition
potential increases from 0.5 V to 0.7 V vs. MSE, meaning that a higher amount of MnO; is
electrodeposited per surface unit. Such trend is not observed anymore for higher
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electrodeposition potential values. Interestingly, one can also observe on Figure I11.23b that
the current remains constant during 30 minutes. This indicates that neither the thickening nor

the conductivity of the electrodeposited MnO; films are able to alter its electrodeposition rate.
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Figure 111.23: a) Linear sweep voltammetry curve obtained on an acid corrosion cleaned ITO
electrode and b) chronoamperometry curves allowing MnO, electrodeposition. Electrolytic
solution: MnSO4 (2 mM), NaClO4 (50 mM). Scan rate 10 mV/s.

Figure 111.24 shows the XRD spectra of the MnO, films that were electrodeposited
using the chronoamperometry technique. Apart from In,Os peaks, two other peaks appearing
at 12° and 26° are the characteristic peaks of birnessite-type manganese oxide (JCPDS card
no. 80-1098)[“9]. Only samples electrodeposited at 0.6 and 0.7 V vs. MSE possess the
birnessite type crystallinity and the signal intensity of the sample electrodeposited at 0.6 V vs.
MSE is much more intense than the one corresponding to the sample electrodeposited at 0.7
V vs. MSE, indicating a better birnessite crystal structure for the first sample. Samples
electrodeposited at 0.5 V and 0.8 V vs. MSE show no diffraction peak for Mn species, owing
to their likely amorphous structure. This result is consistent with literature reports showing

that birnessite crystalline can be obtained only in a narrow potential range.!'*"’,
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Figure 111.24: XRD spectra of MnO, films electrodeposited on ITO using the
chronoamperometry technique at different potentials for 30 minutes (see Figure I11.21).

The morphology of the samples was studied using SEM-FEG and is shown in figure
II1.25. Obviously, the surface morphology changes dramatically as the electrodeposition
potential increases. At 0.5 V vs. MSE, the film is highly porous and it adopts a honeycomb-
like morphology. When the potential increases to 0.6 V vs. MSE, the hollow parts in the film
are filled and the whole film becomes much denser. The structure of the sample
electrodeposited at 0.7 V vs. MSE becomes porous again as a consequence of the aggregation
and formation of large particles. In the case of the sample electrodeposited at 0.8 V vs. MSE,
the aggregation phenomenon is more obvious and the surface is constructed by little particles
resembling sand roses to a certain extent. The MnO, sample electrodeposited at 0.6 V vs.
MSE is therefore by far the more compact while the others seem to have a lower density and
therefore a likely larger specific area. The huge modification of the surface morphology as a
function of the electrodeposition potential indicates possibly different nucleation and growth
mechanisms. Considering the XRD results, the compact structure favors the formation of
birnessite-type crystalline MnO, films. The hollow structure of the sample electrodeposited at
0.5 V vs. MSE is not suitable for birnessite formation, while a 0.7 V vs. MSE
electrodeposition potential allows the start of a transition towards a particle structure, even
though only a 0.6 V vs. MSE value seems to allow the proper nucleation and growth

mechanism leading to birnessite formation.
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Figure 111.25: SEM images of MnO, films electrodeposited on ITO using
chronoamperometry at different potentials vs. MSE for 30 minutes. Electrolyte: MnSOj4 (2
mM); NaClO4 (50 mM).

The optical properties of these MnO, films were studied by UV-vis
spectrophotometry, as shown in Figure II1.26 that contains also the Tauc plots derived from
the UV-vis spectra. From the observation of these spectra, bare ITO electrode shows a very
small light absorption (see black line in Figure I11.26) in the whole tested wavelength range,
indicating its good transparency to visible light. For ITO/MnO; samples, the light absorbance
increases with the electrodeposition potential over the whole wavelength range. This is
qualitatively consistent with the evolution of the coulombic charge density values extracted
from Figure II1.23 as a function of the electrodeposition potential. The absorbance of the
MnO, sample electrodeposited at 0.6 V vs. MSE is slightly higher than that of the film
electrodeposited at 0.5 V vs. MSE, but much lower than that of the film electrogenerated at
0.7 V vs. MSE, indicating possibly an influence of the crystallinity on the optical properties.
The optical bandgap values obtained by Tauc plot show a variation with the electrodeposition
potential that is the same as that of the absorption: a sample electrodeposited using a higher
potential possesses a smaller bandgap value. In this case, such sample should possess a better

optical activity expected to be beneficial for the solar water splitting.
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Figure 111.26: a) UV-vis spectra and b) Tauc plots of MnO, films electrodeposited on ITO
using chronoamperometry at different potentials for 30 min.

a)

ITO/MnO,
g
2]
3
60 min
30 min
& 10 min
5 min
) N I min
- T T T T T T T
0 20 40 60 80
20/°
b) 2 c)
1000 -
——bare ITO
1 min —— 1 min, 2.53 eV
5 min 800 A 5 min, 2.59 eV
—— 10 min “= —— 10 min, 2.57 eV
i ol — in 23
‘ 30 min % 6004 30 min, 230eV
FEEE ——— 60 min - ~——60 min, 2.08 eV
< =
o 400
=
S,
\ 200
P
0 T X T L) T L T L T 0 & 1 v T T L) T L] T
400 500 600 700 800 1.0 1.5 2.0 2.5 3.0 35

wavelength / nm photon energy / eV

Figure 111.27: a) XRD and b) UV-vis spectra and c¢) Tauc plots of MnO, films
electrodeposited on ITO using chronoamperometry at 0.6 V vs. MSE with different
electrodeposition durations. Electrolyte: MnSOy4 (2 mM), NaClO4 (50 mM).

The influence of film thickness on the optical properties was investigated by

electrodepositing MnO, films using the same potential and different electrodeposition
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durations. A 0.6 V vs. MSE value was used for the electrodeposition potential in order to get
the birnessite-type crystalline variety. The XRD and UV-vis spectra are shown in Figure
I1.27. Obviously, with the increase of the electrodeposition duration, the film gets thicker,
and the birnessite diffraction peaks become more intense, indicating a better crystallinity.
Similarly, the absorbance also increases with the film thickness, whereas the optical bandgap
value shows a continuous decrease. Considering that the light absorption of ITO/MnO,
samples is due to the MnO; film only, thus a thicker film leads to a higher absorbance.
Moreover, thicker film has a better crystallinity and more pores, thus it may contain more
inserted ions and lattice defects, which could modify the electronic structure of the film, thus

leading to a smaller bandgap.

111.4.3 1-V curves of electrodeposited ITO/MnO; films

The MnO; films electrodeposited on ITO were characterized by CS-AFM in order to
investigate their surface conductivity. A series of current/bias (I-V) curves were obtained in
air for each sample and the location of the contact zone between the AFM tip and the MnO,
film was chosen randomly for each curve in order to evaluate the homogeneity of the surface
conductivity. The scanning direction of the bias range was also chosen randomly although the
purpose was to obtain the same number of curves for both scanning directions, i.e. for the
upward (from -10 V to +10 V) and downward (from +10 V to -10 V) directions. As shown in
Figure II1.28b, I/V curves related to the sample electrodeposited at 0.6 V vs. MSE, which
belongs to the birnessite-type crystalline variety, and to a less extent those shown on Figure
II1.28¢ (0.7 V vs. MSE), are rather noisy and have a lower repeatability than those shown on
Figures II1.28a and d. Indeed, I-V curves obtained for samples electrodeposited at 0.5 V and
0.8 V vs. MSE (see Figures I11.28a and d) are smooth and symmetrical. This observation may
indicate some perturbations in the measurement process resulting from parasitic
electrochemical phenomena known to occur in the presence of ambient humidity (humidity

rate = 50-55 %).
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Figure 111.28: 1-V curves measured using CS-AFM in air of MnO, films electrodeposited on
ITO using chronoamperometry at different potentials vs. MSE for 30 min. Electrolyte:
MnSOy4 (2 mM), NaClO4 (50 mM).

In order to confirm the origin of those perturbations observed mainly in Figure II1.28b,
supplementary [-V curves were performed under an Ar atmosphere, i.e. in the presence of
humidity traces (humidity rate = 3-5 %) on the MnO, sample electrodeposited at 0.6 V vs.
MSE (see Figure I11.29). By comparison with Figure II1.28b, the I-V curves shown on Figure
II1.29 do show one of the expected variations of the current as a function of the bias. In
general, when such [-V curves reflect only the surface conductivity of the investigated sample,
the current obeys a linear, power or exponential law as a function of the bias, according to the
theoretical models allowing their fitting. Moreover, the surface conductivity of the
nanometric zone tested on the sample can be deduced from the contact resistance. This latter
is extracted from the inverse of the slope measured at a 0 V bias on the I-V curve.
Unfortunately, the expression of the contact resistance as a function of the resistivity (or
conductivity) is still discussed in literature partly as a consequence of the hardly predictable
geometry and calculation of the contact area between the conductive AFM tip and the sample.

This is especially true in the case of samples possessing a very complex topography.
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Figure 111.29: I-V curves measured using CS-AFM in an Argon atmosphere of a MnO, film
electrodeposited on ITO using chronoamperometry at 0.6 V vs. MSE for 10 min. Electrolytic
solution: MnSO4 (2 mM), NaClO4 (50 mM).

Nevertheless, from a qualitative exploitation of all those I-V curves, it can be seen
first that [-V curves shown on Figure II1.29 are much less noisy and they cover, over the
same bias range, a current range that is approximately the same as those covered on Figures
II1.28a, ¢ and d. It appears moreover that the sample electrodeposited at 0.7 V vs. MSE has a
relatively low conductivity, whereas the one electrodeposited at 0.5 V vs. MSE seems to be
the most conducting sample. In the basis of this study and its preliminary interpretation, it
seems that the conductivity of the birnessite structure is not as good as the one of the three
other samples even though the different MnO, films tested in this section possess similar
surface conductivities that all appear to be heterogeneous for each sample, as shown by the

different contact resistance values observed for each sample.

Neval Yilmaz et al. studied the conductivity of a single layer of MnO, nanosheet
absorbed on a highly oriented pyrolytic graphite (HOPG) electrode by CS-AFM and they
obtained a symmetric I-V curve, which is similar to those obtained in our work ">, They
proposed that the conduction mechanism of MnO; film is electron hopping rather than
tunneling due to the existence of a large number of defects in the structure. The thickness of
the MnO, film used by Neval Yilmaz ef al. was only 0.8 nm, while in our case, the film is
more than 100 nm thick, but the I-V curves show some similarities, indicating a same
conduction mechanism. In the MnO, structure, most of the Mn atoms are tetravalent, but
there is also a portion of trivalent Mn atoms that justifies the presence of intercalated cations

so as to reach electroneutrality in the MnQO; films. This favors the formation of permitted
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states and interface traps between the valence band and the conduction band, thus facilitate
[121]

the generation of electron—hole pairs, which could increase the conductivity’

By far, it is clear from the results exposed in this section that the electrodeposition
potential plays an important role in the surface conductivity of MnO, films, and the
crystallinity and surface morphology are also influenced by the electrodeposition potential.
The resulting (photo-) electrocatalytic performances of our MnO, films are therefore hardly

predictable at this stage and they subsequently need to be investigated in details.
111.4.4 Characterization of electrocatalytic activity of ITO/MnO; films towards OER

The electrocatalytic activity of the ITO/MnO; films towards OER was investigated in
a 0.1 M NaOH aqueous solution, using linear sweep voltammetry, as shown in Figure I11.30.
MnO, samples electrodeposited at 0.5 V and 0.6 V vs. MSE show a better electrocatalytic
activity than bare ITO electrode towards OER, and the former is more active than the later
one. On the other hand, the electrocatalytic activity of the MnO, film electrodeposited at 0.7
V vs. MSE is less active than the bare ITO electrode. It is also noteworthy that all samples
experienced a quick degradation during the OER test, i.e. the electrocatalytic activity of all
samples towards OER decreased dramatically during the second linear sweep and no

advantages were observed anymore comparing with the bare ITO electrode.
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Figure 111.30: Linear sweep voltammograms obtained in a 0.1 M NaOH aqueous solution on

MnO; films electrodeposited on an ITO electrode at different potentials for 30 min. Scan rate
10 mV/s.
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Electrochemical Impedance Spectroscopy (EIS) was used to study the kinetics of
OER on bare ITO and ITO/MnO, samples. Figure I11.31 shows the EIS spectra obtained on
bare ITO for different potential values that were all situated in the potential range allowing
OER. Clearly, all spectra show a semi-loop whose diameter decreases with increasing the test
potential. If OER is in the pure kinetic regime all over the potential range used here, the
diameter is then the reflection of the charge transfer resistance, thus the value of this
resistance is lower at higher potentials, confirming that at higher potentials, charge transfer is
easier. Moreover, the difference between 1.05 V and 1.1 V vs. MOE is quite small, which
means that at this potential, the charge transfer resistance may reach an extreme value. In this

case, choosing the test potential becomes an important factor that will influence the OER

performances.
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Figure 111.31: EIS spectra of bare ITO in a 0.1 NaOH aqueous solution at different
potentials. Frequency range: 100 kHz — 100 mHz. Potentials used during EIS tests are vs.
MOE and expressed in the figure.
Figure II1.32 shows EIS spectra obtained on ITO/MnO; films at 1.0 V vs. MOE after
a linear sweep voltammetry experiment allowing OER. Clearly, all spectra related to
ITO/MnO; films have a bigger loop diameter than bare ITO electrode, whatever the
electrodeposition potential was for the MnO, film. Moreover, the higher this potential was,
the larger the loop diameter was, and therefore the higher the charge transfer resistance was.
From this result, it is suggested that the presence of a MnO,; film hinders OER by comparison
with a bare ITO electrode. Considering the poor stability of these samples during OER tests,

as MnO, films nearly lose the mechanical contact with substrate during LSV experiments
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allowing OER, the bad adhesion of MnO, films on the ITO substrate should be responsible

for the high resistance values observed on Figure I11.32.
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Figure 111.32: EIS spectra of ITO/MnO; films obtained in a 0.1 NaOH aqueous solution at
1.0 V vs. MOE. Frequency range: 100 kHz — 100 mHz. Potentials used during MnO,
electrodeposition are vs. MSE and expressed in the figure.

From the results obtained on ITO/MnQO2 substrates, it is revealed that the adhesion of
the electrodeposited MnO2 films on ITO is a key factor that affects their OER performances.
However, it is very difficult to obtain mechanically stable films on ITO substrates even when
using the optimized conditions. The continuous dissolution of indium during anodic
polarization allowing OER tests might be the reason. As a consequence, ITO electrodes do
not seem to be a good substrate for the electrodeposition of MnO2 thin films dedicated to

OER (photo-) electrocatalysis.
111.5 MnO, electrodeposition on FTO

Fluorine doped Tin Oxide (FTO) is another transparent conducting material
commonly used as electrode material for electrodeposition. Comparing with ITO, it has a
much better thermal stability, which makes possible a high temperature heat treatment for the
sample preparation (1221 Moreover, a FTO electrode is electrochemically more stable than
ITO, and it is thus used also as an electrode material in the evaluation of water oxidation

catalysts 1>,

I11.5.1 FTO electrode cleaning
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The FTO cleaning procedure was carried out using an ultrasonic bath, as described for ITO
cleaning. The acid corrosion is not suitable in the case of FTO electrodes because tin oxide is
not stable in acid. Indeed, after 40 seconds of immersion in 37% HCI aqueous solution, FTO
electrode loses its conductivity and becomes insulating, indicating that the conducting layer
has been totally dissolved. Figure I11.33 shows an SEM image as well as XRD spectra of a
bare FTO electrode. From the SEM image, we can see clearly that uniformly dispersed FTO
grains cover the electrode surface. The average grain size is about 60 nm. In the XRD spectra,
peaks appearing at 26.6, 38.9 and 51.8 can be indexed to (110), (111), (211) planes of SnO,
crystal respectively (JCPDS card No. 41-1445). No fluorine species is detected, indicating the
high dispersion state of fluorine atoms, which is expected for FTO "**. In addition, from the
SEM image and XRD results, it appears that ultrasonic cleaning did not change the surface
morphology and crystallinity of FTO layer, which is consistent with the results obtained on

ITO.

bare FTO without cleaning
bare FTO ultrasonicated

SnO,
(110)

!

SnO.
(1o

intensity
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Figure 111.33: a) SEM image and b) XRD spectra of a bare FTO electrode

111.5.2 Electrodeposition of MnO, films on FTO electrode

MnO, films were electrodeposited on ultrasonically cleaned glass/FTO electrodes
using the same conditions as those described in the ITO part (see Figure 111.22). Figure 111.34
shows the linear sweep voltammogram of bare FTO in the electrodeposition solution. It has a
similar shape to that obtained on ITO (see Figure II1.22). An oxidation peak appears at 0.35
V vs. MSE (peak potential = 0.56 V vs. MSE), which is ascribed to the oxidation of Mn*" to
Mn4+, and water oxidation starts at about 1.0 V vs. MSE.
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Figure 111.34: Linear sweep voltammogram allowing the electrodeposition of a MnO, film
on 2 different FTO electrodes ultrasonically cleaned in acetone. Electrodeposition electrolytic
solution: MnSO4 (2 mM) and NaClO4 (50 mM). Scan rate: 10 mV/s.

A series of MnO, films were electrodeposited on glass/FTO electrodes using
chronoamperometry and different electrodeposition potentials for 10 min. The
electrodeposition curves are shown in Figure I11.35. After a current transient corresponding to
double-layer charging and nucleation process, they all show a constant current indicating the
absence of any degradation or passivation phenomenon. From those curves, the current
density and therefore the -electrodeposition rate remain nearly unchanged for
electrodeposition potentials varying between 0.5 V to 1.2 V vs. MSE (and producing samples
S05 to S12). Electrodeposition carried out at 0.5 V vs. MSE and leading to sample S05
produced the lowest current density value, according to the LSV shown on Figure 111.34. On
the contrary, S14 and S16, electrodeposited at 1.4 V and 1.6 V vs. MSE respectively,
produced a large increase of the current density, by comparison with those observed for lower
electrodeposition potentials, which can be explained by the fact that at this potential, water
oxidation has already started (see Figure III-34). Thus, the increase of the current density
should be ascribed not only to the oxidation of Mn”" cations, but also to the electrochemical
oxidation of water. Although the current density is high, the amount of deposited MnQO, is
therefore not as high as that calculated from the coulombic charge. This phenomenon is more
pronounced for 1.6 V vs. MSE, which led to the biggest current density. From the
corresponding XRD spectra, only S6 has the characteristic diffraction peak of birnessite, the
other samples have no peak related to Mn species but only those belonging to SnO,. This

trend is consistent with the previous results obtained on ITO (see Figure 111.24).

90



b) FTO background
.

Birnessite [
| ¢+ SI6

S14
S12
S10
S08
S07
S06

J/mA.cm”
Intensity

S05

d——————— e
0 100 200 300 400 500 600 10 20 30 40 50 60

T T T T T T

t/s 20/
Figure 111.35: a) Chronoamperometry curves for MnO; electrodeposition for 10 minutes on
FTO electrode and b) corresponding XRD spectra. Electrolyte: MnSO4 (2 mM); NaClO4 (50
mM). Scan rate: 10 mV/s. Potentials used during MnQO; electrodeposition are vs. MSE and
expressed in Figure a).

From the topography shown in the SEM images in Figure II1.36, it is clear that the
morphology changes as the electrodeposition potential increases. This trend is similar to the
one extracted from results obtained on ITO (see Figure II1.25). SO5 has a hollow net structure,
whereas that for S06 is much denser. Throughout the electrodeposition process, MnO, tends
to form particles from an electrodeposition potential close to 0.7 V vs. MSE, and for higher
potential values, those particles grow bigger and their boundaries become unclear. In addition,
the surfaces become inhomogeneous and rough for films electrodeposited at high potentials,
as shown in Figure I11.25g h. In the case of S14, huge particles form on the sample surface
and they are more numerous and bigger on S16. This trend is more obvious with the MnO,
samples electrogenerated during longer electrodeposition times (30 min on Figure I11.37b,d
instead of 10 min on Figure I1I.37a,c). The huge electrogenerated particles were characterized
by EDS analysis and they were found to have the same chemical composition than those
bottom films, suggesting that those particles result only from the abnormal growth of similar

MnO, grains.
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Figure 111.36: SEM images of MnO, films electrodeposited on FTO using

chronoamperometry and different potentials vs. MSE for 10 min. Electrolyte: MnSQOy4 (2
mM); NaClO4 (50 mM).
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Figure 111.37: SEM images of MnO; films electrodeposited on FTO using
chronoamperometry at 1.4 V and 1.6 V vs. MSE for 10 min and 30 min. Electrolyte: MnSO4
(2 mM); NaClO4 (50 mM).

The electrocatalytic activity of the FTO/MnO; films towards OER was investigated in
a 0. M NaOH aqueous solution using linear sweep voltammetry experiments, and
chronoamperometry (CA) tests were performed to evaluate their stability. The results shown
in Figure II1.38 indicate that the lowest activity was obtained with S07. After one LSV
experiment, this sample showed no activity in the following chronoamperometry test,
meaning that it was damaged during the former step. In this case, the poor adhesion of the
film to the electrode surface could be responsible for its unstable activity. Except this one, the
other samples showed a significant electrocatalytic activity towards OER (see Figure 111.38a)
as well as a good stability, which is revealed by the fact that nearly no current density
decrease was observed during the 10 min chronoamperometry tests (see Figure II1.38b).
However, S06, which belongs to the birnessite-type crystalline variety also showed a poor
activity, as it showed a higher onset potential and a lower current density by comparison with
the other samples (see Figure 111.38a) and its current density value in the CA test is also lower
than that of the other samples, which confirms the former result. The best activity was

obtained with SO8, S10 and S12 samples electrodeposited respectively at 0.8 V, 1.0 V and 1.2
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V vs. MSE. They have a similar electrocatalytic activity towards OER in the LSV test and
S10 has a slightly higher current density than the other two samples in CA test (see Figure
II1.38b). SO5, whose electrodeposition charge density was lower than the other samples (see
Figure I11.35a), shows moderate performances. On the contrary, samples electrodeposited at
high potentials, like those produced at 1.4 V and 1.6 V vs. MSE, show a degradation of their
electrocatalytic activity towards OER on the CA test (see Figure I11.38b).
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Figure 111.38: a) linear sweep voltammetry and b) chronoamperometry curves of OER
electrocatalytic activity tests on FTO/MnQO; films. Electrolyte: NaOH (0.1 M). Scan rate for
linear sweep: 10 mV/s. Potential used for chronoamperometry: 0.9 V vs. MOE. Potentials
used during MnO, electrodeposition are vs. MSE and expressed in this figure.

Tafel plots derived from the linear sweep voltammetry curves presented on Figure
I11.38a are shown in Figure II1.39. Generally, the smaller the slope of the Tafel plot is, the
better the electrocatalytic activity is towards OER. In other words, the value of Tafel slope is
regarded as a key parameter to evaluate the kinetic parameters of OER and therefore the
activity of an OER catalyst. However, this habit is not self-sufficient here, as shown hereafter.
The lowest slope value was obtained for S05, while the slope values of S08, S10 and S12,
that show the best activity in LSV and CA tests, were also small than those for S06, S14 and
S16. This unexpected observation on SO5 is not clear, but it is true that the use of the Tafel

slope 1s never sufficient for the evaluation of an OER catalyst.
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Figure 111.39: Tafel plots derived from LSV curves shown on Figure I11.38a. Potentials used
during MnO, electrodeposition are expressed in V vs. MSE in this figure.

EIS spectra obtained at 1.0 V vs. MOE in a NaOH aqueous solution (0.1 M) for each
of the investigated samples are shown in Figure II1.40. Theoretically, the big semi-loop is
partly due to the charge transfer resistance related to OER. Predictably, the larger the
diameter of this semi-loop is, the bigger the value of the charge transfer resistance is. In order
to check this hypothesis and to further understand the EIS spectra, a fitting procedure was

performed using those equivalent circuits proposed in chapter II (see section I1.5.3).

According to impedance spectra obtained on our samples, no Warburg diffusion
characteristic is observed, and all of the spectra contain a small loop at the beginning of the
curve in high frequency region followed by a big loop. In addition, both the small loop and
the big loop are flattened other than a regular semicircle, thus the CPE should be used instead
of pure capacitor element. After exhaustive trying of the fitting models in literature, model 3
was revealed to possess the best agreement with our spectra with the lowest error signals.

Therefore, this model is applied with the impedance spectra fitting, as shown by Figure I1.9.

The parameters used for fitting are listed in Table II1.4. R, the electrolyte was found
to vary within a narrow range of values, as expected knowing that all EIS experiments were
performed in similar electrolytic solutions. Rgy, also varies in a narrow potential range,
showing that all the tested MnQO, films, except S06 (and probably S07 as a consequence of
the huge diameter of the main semi-loop of its EIS spectrum), possess similar conductivities.

S06 sample have a relatively high film resistance (Rgiy). This result agrees well with the
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conductivity studies obtained on ITO/MnO, samples and carried out by I-V curves using CS-
AFM, i.e. birnessite type MnQO; films electrodeposited at 0.6 V/SSE was found to have a
lower conductivity. R, values, that are related to the kinetics of the interfacial charge transfer
reaction, were found to vary within a narrow value range centered on 92 Q, except for S06
(and probably S07) whose R, value is about 7.5 times higher. This seems to indicate that the
kinetics of the interfacial charge transfer reaction is much slower on S06 (and S07) than on
any other MnO, sample tested in this series of samples electrodeposited on FTO using
different electrodeposition potential. As far as Ry is concerned, two sets of values were
observed. MnQO; films electrodeposited at low or high potentials, i.e. S05, S06, S14 and S16,
all possess R, values close to 700-800 Q whereas those electrodeposited at intermediate
potentials, i.e. SO8, S10 and S12 are much lower and inside the 250-340 Q range. On the
other hand, the three capacitances were found to vary only a little and randomly as a function
of the evolution of the electrodeposition potential. They can therefore hardly be used to draw

conclusions.

It appears from those observations that there is a very good correlation between the
electrocatalytic activity of the tested MnO, films towards OER and the R value extracted
from the corresponding EIS spectra. Indeed, samples that have good OER performances (S08,
S10 and S12), i.e. high current density values in LSV and CA tests (see Figures I11.38a and ¢
respectively) as well as low Tafel slopes (see Figure 111.39) and low R, values (see Table
I11.4), also have quite small R values. Let us remind that R represents the charge relaxation
associated with surface intermediate(s) and is related to the charge transfer mechanism,
although it is not the charge transfer resistance, according to the complex nature of the water
oxidation mechanism. Among those three samples, S10 has the smallest Ry value, which is
consistent with the fact that it shows the best electrocatalytic activity towards OER (see

Figures I11.38a and c respectively).

The EIS spectra are in very good agreement with electrocatalytic activity test towards
OER, although they provide much more information on the electrical and electrochemical

properties of the electrocatalytic films.
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Figure 111.40: EIS spectra of FTO/MnO; films in a 0.1 M NaOH aqueous solution. Test
potential: 1.0 V vs. MOE. Frequency range: 100 kHz — 100 mHz. Potentials used during
MnO; electrodeposition are vs. MSE and expressed in this figure.

Table I11.4: Fitting parameters for FTO/MnO, EIS spectra

FTO/MnO, samples
element
05V 0.6V 0.7 v* 0.8V 1.0V 12V 14V 1.6V
Ro/Q 153 156.1 - 146.2 150.5 151.5 165 153
R,/ Q 96.7 679.52 - 83.49 82.95 102 933 91.23
R,/ Q 764.3 813 - 333.26 252.98 331.9 702.8 771
CPEy 8.11E-04  4.05E-04 - 6.2E-04  8.47E-04  7.43E-04 9.93E-04  8.04E-04
CPEgn  7.77E-05  1.17E-04 - 6.39E-05 1.03E-04 4.37E-05 4.89E-04  1.48E-05
Cs/F 2.67E-04  1.10E-04 - 1.64E-04 2.63E-04  2.26E-04 3.57E-04  2.74E-04
Reim / Q 2.8 34 - 12.63 6 7.4 4.5 2.5

* fitting failed on this EIS spectrum

From the electroactivity tests towards OER reported above, MnQO, films
electrodeposited at a moderate potential, i.e. between 0.8 to 1.2 V vs. MSE, seem to possess a
better electrocatalytic activity towards OER. Simultaneously, that of the birnessite structure is

not confirmed here in our experimental conditions.
111.5.3 Nucleation and growth mechanism of MnO at different potentials

From the former results, it has been demonstrated that the electrodeposition potential
has a great influence on the morphology and crystallinity of MnO, films. However, the
detailed nucleation and growth mechanism of MnO, films is rarely reported in literature.

Therefore, we performed electrodeposition of MnO, films on FTO at 0.6 V and 1.2 V vs.
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MSE for different electrodeposition times, and the obtained MnO; samples were studied by

SEM in order to develop a better understanding of the nucleation and growth mechanism.

Figure I11.41 shows the cross-section image of MnO, films electrodeposited on FTO
for 10 min and 30 min respectively. Clearly, samples electrodeposited at 0.6 V vs. MSE have
a layered structure and their thickness increases with time. On the other hand, samples
electrodeposited at 1.2 V vs. MSE show a different morphology: the FTO surface is covered
by MnO, particles and some of them grow very big with increasing time, as already shown in
Figure I11.41d. These huge particles appearing on the topography image are actually MnO,
columns as revealed by EDS analysis. The differences pointed out here mean that the

electrodeposition mechanisms of these samples must be different.

Figure 111.41: Cross-section images of MnO, films electrodeposited using
chronoamperometry at 0.6 V and 1.2 V vs. MSE for 10 min and 30 min. Electrolyte: MnSO4
(2 mM); NaClO4 (50 mM).

In a second step, samples electrodeposited using shorter times were prepared and
studied by SEM to elucidate the nucleation and growth differences, the morphology images
are shown in Figure I11.42. When the electrodeposition at 0.6 V vs. MSE lasted for 30 s, the
bottom FTO substrate can still be seen clearly, even though very thin layers of MnO, is also

visible (see Figure IIl.42a). When the electrodeposition time extends to 2 min, the
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electrodeposited film becomes thicker and the expected morphology of the birnessite type
MnO; film starts appearing clearly on the FTO substrate (see Figure 111.42c). However, when
a 1.2 V vs. MSE potential was used for electrodeposition, a granular shaped MnO, film is
electrogenerated, as shown in Figure I11.42b and d, and these particles grow bigger with
increasing time. Considering the FTO grain size shown in Figure I11.33a, the electrodeposited
MnO; particles reach quickly a similar size scale, suggesting that the FTO substrate acts as a
template and the electrodeposited MnO, particles cover FTO grains at the beginning of

electrodeposition process.
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Figure 111.42: SEM images of MnO, electrodeposited using chronoamperometry at 0.6 V
and 1.2 V vs. MSE for 30 s and 2 min. Electrolyte: MnSO4 (2 mM); NaClO4 (50 mM).

Based on the observations described above, two different electrodeposition
mechanisms occurring respectively at low and high potentials values are proposed as shown
below. When electrodeposition is carried out at 0.6 V vs. MSE, a thin layer of MnO, forms
on the surface of the substrate, and this layer grows thicker with time, and then replicates
itself, one layer at the top of the previous one, leading then to a multilayer structure; while at
1.2 V vs. MSE, electrodeposited MnO, tends to cover the surface of FTO grains by forming

core-shell structures in the initial step, then these particles grow individually and form MnO,
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columns. The huge columnar structure observed on the high potential electrodeposited
sample, as shown in Figure I11.41d, is supposed to form from the abnormal growth of some of

the little MnO, particles.

|:] glass . FTO . MnO,

oo ———

MnO, forms at the top of the FTO surface layer by layer.

]

MnO, grows at the surface of FTO grains continuously.

Figure 111.43: Scheme showing SEM images of MnO, electrodeposited at 0.6 V and 1.2V.

Moreover, from this theory, films electrodeposited at high potential are in closer
contact with the FTO grains of the substrate. This could enhance their mechanical stability
and their electrical communication with the underlying substrate. As a consequence, the
MnO, samples electrodeposited using a high potential value may possess in appearance a low

charge transfer resistance and a better electrocatalytic activity towards OER.
111.6 Comparison of glass/ITO and glass/FTO electrodes

Although both ITO and FTO are two commonly used transparent substrates for
optical analysis, the comparison of their electrocatalytic activity towards OER is scarcely
reported in literature. Here we compared the electrocatalytic activity of bare electrodes and
MnO; film covered electrodes towards OER with the purpose of revealing the influence of

the substrate on the catalyst electrocatalytic activity.

The water oxidation tests at bare electrodes are shown in Figure II1.44 (see LSV
curves on Figure I11.44a and Tafel plots on Figure 111.44b). From this figure, it appears that
FTO electrode shows a much higher electrocatalytic activity towards OER than ITO, the
oxidation current density 0.9 V vs. MOE is only 0.011 mA on ITO in the first scan, while that
on FTO reaches 0.226 mA, and is therefore more than 20 times higher. In addition, the

100



derived Tafel slope of ITO is 269 mV/dec, while that of FTO is only 138 mV/dec for the first

scan, indicating a much better electrocatalytic activity on FTO than on ITO.
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Figure 111.44: a) LSV curves and b) Tafel plots related to OER test on bare FTO and ITO
electrodes. Aqueous electrolytic solution: NaOH (0.1 M). Scan rate: 10 mV/s.
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Figure 111.45: LSV curves related to OER tests on ITO/MnO, and FTO/MnO, samples in a
0.1 M NaOH aqueous electrolytic solution. Scan rate: 10 mV/s. MnO, films were
electrodeposited on ITO or FTO using the chronoamperometry technique at 0.6 V vs. MSE
for 30 min in an aqueous electrolytic solution containing MnSO4 (2 mM) and NaClO4 (50
mM).

The electrocatalytic activity of electrodeposited MnO, films supported on ITO and
FTO towards OER was also tested. Samples were electrodeposited using chronoamperometry
at 0.6 V vs. MSE for 30 min. As already shown previously, the expected morphology of these
samples is similar, as both of them were shown to adopt the birnessite type structure. Clearly,

the FTO/MnQO; sample shows a much higher activity than the ITO/MnO, sample. Indeed, the
current density at 1.0 V vs. MOE is 2.091 mA/cm® for the FTO/MnO, sample instead of

101



0.108 mA/cm? for the ITO/MnO, sample, which is about 20 times higher. Moreover, before
the start of water oxidation, the FTO/MnO, sample also has a higher capacitive current,
indicating possibly its better charge capacitance. Considering the similar morphologies and
crystalline varieties for both MnO, films, the huge difference observed between
electrocatalytic activities towards OER should be ascribed to the poor electrochemical

activity of the ITO substrate and to the bad adhesion of MnO; films on ITO.

Through these preliminary tests, it is confirmed that FTO is a much better electrode
material than ITO for MnO, electrodeposition, as it favors the formation of highly stable

MnO, films that are moreover substantially more electrocatalytically active towards OER.
111.7 MnO, electrodeposition on a-CNx electrodes

Amorphous carbon nitride (a-CNx) materials constitute a family of cheap electrode
materials whose main surface properties, such as surface electronic conductivity,
electrochemical activity and population of surface functional groups, depend on their atomic
nitrogen content. This latter can take different values and result from the nitrogen gas content
in the plasma used for their elaboration. In our laboratory, a-CNx thin films are deposited on
various conducting or insulating substrates using the reactive cathodic magnetron sputtering
technique. This deposition technique makes those materials even more interesting as it allows
their deposition on large substrates, which favors their use for large scale and industrial
applications in electrochemistry, unlike other carbon materials. Here, homemade a-CNx
electrodes were tested for the first time as electrode materials for MnO; electrodeposition.
Figure I11.46 shows a linear sweep voltammetry curve obtained on a-CNx electrode in the
usual electrodeposition electrolyte used in this work for MnO, electrodeposition. This LSV
curve shows the same shape as those obtained on glass/ITO (see Figures I11.22a and 111.23a)
and glass/FTO electrodes (see Figures II1.43). An oxidation peak attributed to Mn”" oxidation
appears at 0.64 V vs. MSE. The onset potential of water oxidation wave is difficult to identify,
but it is higher than on FTO and lower than on ITO based on the potential region, indicating

its good applicability as an electrode material substrate.
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Figure 111.46: Linear sweep voltammogram allowing the electrodeposition of a MnO, film
on a-CNx electrode in MnO, electrodeposition electrolyte. Electrolytic solution: MnSOy (2
mM); NaClO4 (50 mM). Scan rate: 10 mV/s.

A MnO, film was then electrodeposited on a a-CNx electrode using
chronoamperometry at 0.7 V vs. MSE for 30 min. The obtained MnO, film clearly belongs to
the birnessite type crystalline variety, as revealed by XRD (see Figure 111.47). Its surface
morphology is also the same as that of birnessite type MnO, films obtained on ITO, FTO or
Pt (Figure not shown).
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Figure 111.47: XRD spectra of bare a-CNx and a-CNx/MnQO, electrodes. MnO, film
electrodeposited using chronoamperometry technique at 0.7 V vs. MSE for 30 min. in an
electrolyte containing MnSO4 (2 mM) and NaClO4 (50 mM).
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OER tests were also carried out in 0.1 M NaOH aqueous solutions with these a-CNx
electrodes, as shown in Figure I11.48. The onset potential of water oxidation on bare a-CNx
electrode is about 1.2 V vs. MOE, which is higher than that on bare ITO and FTO electrodes,
meaning that the electrocatalytic activity of bare a-CNx towards OER is not good. After
MnO, electrodeposition, this electrocatalytic activity becomes even worse: the oxidation
current is lower than that on bare a-CNx, suggesting that the electrodeposited MnO, has no
electrocatalytic activity and hinders the original activity of the substrate. This unexpected
result should be ascribed to the electrochemical property of the bottom substrate surface and

the insufficient adhesion of the electrodeposited film.
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Figure 111.48: OER test on ITO/MnO, and FTO/MnO, samples. Film deposition: MnSOy (2
mM) and NaClO4 (50 mM); CA 0.7 V 30 min. OER test electrolyte: NaOH 0.1 M. Scan rate:
10 mV/s.

In addition, it was found that the elaboration of the electrode (immobilization of the
Si/a-CNx disc on a copper tape covered glass support) is very important for the electronic
conductivity pathway and therefore for the electrocatalytic activity of the resulting electrode,
whether this latter is covered or not with a MnO, film. Indeed, it was observed throughout
these studies involving a-CNx electrodes that several electrodes elaborated by using the same
conditions actually showed different electrocatalytic activities towards OER. Thus it is
necessary to develop a better reproducibility for the elaboration of these a-CNx electrodes in

order to allow further investigations in the continuity of those reported above.

111.8 Conclusion
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In this chapter, the electrodeposition mechanism of MnO, was briefly re-explored and
exploited first on Pt working electrodes. In particular, different electrodeposition parameters
were evaluated in order to obtain mechanically stable MnO, films. As a result,
chronoamperometry in an aqueous electrolytic solution containing low concentrations of
MnSO,4 and NaClOy4 provided the best results. Thus this experimental procedure was adopted
throughout this chapter and extended to glass/ITO, glass/FTO and Si/a-CNx electrodes.

It was revealed that the adhesion of the MnO, film on the initial electrode material
influences significantly its electrocatalytic activity towards OER. Moreover, the
electrodeposition potential is a very important factor for the electrocatalytic activity of MnO,
films. In our experimental conditions, an accurate selection of the electrodeposition potential
value allows the electrodeposition of either amorphous or birnessite type MnO, films
possessing respectively granular or layered morphologies. By comparison with ITO, FTO
appears to be a much better electrode material due in particular to its high intrinsic
electrocatalytic activity towards OER and to the fact that it allows a better adhesion for
electrodeposited MnQO, films. Moreover, the electrocatalytic activities towards OER of MnO,
films electrodeposited on FTO at different potentials were tested using LSV,
chronoamperometry, Tafel plots and EIS. Interestingly, those different electrochemical
techniques all led to the same conclusion. Amorphous MnQO; films electrodeposited at
potentials situated between 0.8 and 1.2 V vs. MSE possess a better electrocatalytic activity
towards OER than those electrodeposited at lower or higher potentials, whether these latter
are amorphous or of the birnessite type variety. On the other hand, UV-visible
spectrophotometry technique revealed that MnO; films possess low optical bandgap values
varying between 2 and 2.6 eV, depending on the electrodeposition conditions. Importantly,
on the basis of EIS results, a strong correlation was established between Rs, measuring

charge relaxation of surface intermediate(s) and this electrocatalytic activity.

At last, Si/a-CNx electrodes were shown to allow the electrodeposition of MnQO, films
showing a morphology and a crystallinity that were similar to those of MnO, films
electrodeposited in identical experimental conditions on the other electrode materials, but the
electrocatalytic activity of the resulting MnO; films towards OER was not good enough,
which will justify further investigations in the future to better understand and possibly solve

this counter-intuitive conclusion.
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Chapter 1V: Heat treatment effect on the OER
electrocatalysis of FTO/MnQO, electrodes

IV.1 Introduction

Post heat treatment is an important step for the preparation of solid catalysts, as the
dehydration occurring during the heating step will change the structure and the chemical state
of the solid catalyst, leading to the formation of more active species and subsequently to
better electrocatalytic performances. Fengling Zhou et al. reported the post heat treatment
effect on MnO, catalysts and found great promotion effect on the OER activity [’%. In their
work, the catalysts were heated at 50 °C, 70 °C, 90 °C and 120°C for 30 min respectively,
and 90 °C was revealed to be the best temperature for heat treatment. A lower temperature
was not efficient enough for the heat treatment and a higher temperature led to a degradation
effect. The explanation for this phenomenon was ascribed to a dehydration process, which
causes a surface phase change as well as an electronic structure change and favors therefore a
better electrocatalytic activity. On the contrary, Zaki N. Zahran et al. used a much larger
temperature range from 150 °C to 750 °C for the heat treatment test. The result showed that
the sample heated at 550 °C had the best electrocatalytic activity towards OER and the
sample heated at high temperature showed a very good stability ">\ The promotion effect
was caused by a phase transition and the formation of a-Mn,O; type crystalline variety
during the high temperature heating. Yichuan Ling et al. studied hematite films heated at high
temperature and found that Sn could diffuse from the FTO substrate into the film structure
under high temperature sintering. Sn acts as electron donor and increases the carrier density,
and thus increases the OER performances of the hematite based solid catalyst ">, However,
research works related to heat treatment are rarely reported on electrodeposited thin films of
solid catalysts, for which the effect and mechanism of heating are therefore still unclear.
Based on these observations, investigations related to the heat treatment were carried out on
our electrodeposited MnO, films in order to evaluate its effect on their electrocatalytic

activity towards OER and its stability.
V.2 Effect of heating at low temperature
To understand the effect of heat treatment on the electrocatalytic activity of MnO;

films towards OER, several series of samples were prepared and characterized. Based on the
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results reported in chapter III, the electrodeposition potential has a great influence on the
activity performances, thus several series of samples prepared using the same conditions were

used in order to get the same original OER activity.

IV.2.1 On MnO; films electrodeposited on FTO at 1.0 V vs. MSE

Figure IV.1 shows the effect of heat treatment at low temperature on the OER activity
of MnO, films electrodeposited on FTO using chronoamperometry at 1.0 V vs. MSE for 10
min. MnO, films electrogenerated in such conditions were shown to be amorphous (see
Figure II1.35b). From the LSV curves, the electrocatalytic activity of heated samples towards
OER is clearly enhanced. The performance of the as-prepared sample was the worst and after
the LSV test, MnO, film could peel off easily from the FTO substrate, meaning the
mechanical stability was poor. This is also confirmed by the fact that in the following CA test,
the as-prepared sample had nearly no activity. Heating at 70 °C has a moderate promotion
effect, although the current density is higher than that for the as-prepared sample. For
samples heated at higher temperatures, the promotion effect becomes much stronger. Sample
heated at 110 °C has a slightly higher current density than those heated at 90 °C and 130 °C,
while these three samples have identical current densities on the CA curves. Moreover, those
heated samples show a constant current density during the CA test duration without any
obvious degradation, indicating a good stability. In this case, heat treatment indeed has a

positive effect on the catalytic performances and the stability of MnO, films.

4

a) .| FTO/MnO,:CA 10V b)
27 : / FTO MnO:: CAI1O0V
g as prepared
i as prepared ———70 °C 30 min
o ———70 °C 30 min ——90°C 30 min
£ 34 ———90 °C 30 min s —— 110 °C 30 min
< -110 °C 30 min < ——130°C 30 min
= 5| —— 130 °C 30 min E th
14 ¥
14
() 1 - T T T ) T T 4 T 9 T 4 T L T ¥ T L T L T L) T
0.0 0.2 04 0.6 0.8 1.0 1.2 0 100 200 300 400 500 600
E/V vs. MOE t/s

Figure 1V.1: a) LSV and b) chronoamperometry curves of FTO/MnO, electrodes heated at
different temperatures for 30 min. Samples prepared using chronoamperometry at 1.0 V vs.
MSE for 10 min. OER tests were carried out in NaOH (0.1 M) electrolyte. Scan rate: 10
mVJ/s.
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In the purpose of confirming the heating effect, another series of samples were
prepared and heated using the same conditions. The LSV curves and the corresponding Tafel
plots are shown in Figure IV.2a,b. All LSV curves shown in this Figure or hereafter in this
manuscript were plotted after an ohmic drop correction applied on the LSV curves obtained
experimentally (this was already the case for Figures II1.38b and I11.44b). From these LSV
curves, the as-prepared sample shows the worst activity as in the former series of results.
From 70 to 130 °C, the promotion effect of heat treatment increases with increasing
temperature, and the sample heated at 130 °C has the highest current density. When the
temperature is higher than 150 °C, the activity decreases, indicating that the degradation of
the MnO, film appears. From the Tafel plots, the as-prepared sample has a higher Tafel slope
value than heated samples, meaning the OER reaction is slower on this MnO; sample. In this
sense, the decrease of its current density could be ascribed to adhesion loss resulting from
mechanical or electrochemical damages during the test, which makes the film inactive. For
heated samples, the sequence of the slope values is similar to that of current density values

measured on LSV curves and the slope value for the sample heated at 130 °C is the lowest.
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Figure 1V.2: a) LSV curves and b) corresponding Tafel plots of FTO/MnO, electrodes
heated at different temperatures for 30 min. Samples prepared using chronoamperometry at
1.0 V vs. MSE for 10 min. OER tests were carried out in NaOH (0.1 M) electrolytic solution.
Scan rate: 10 mV/s.

Through the chronoamperometry test shown in Figure IV.2, sample heated at 130 °C
also shows the best performance with the highest current density among those samples,
followed by samples heated at 90, 110 and 150 °C. Sample heated at 70 °C has a lower

current density, which is consistent with the LSV results. The as-prepared sample also lost its

electrocatalytic activity after LSV test, which is ascribed to its poor mechanical stability.
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Figure 1V.3: Chronoamperometry curves of FTO/MnO, electrodes heated at different
temperatures for 30 min. Samples prepared using chronoamperometry at 1.0 V vs. MSE for
10 min. Tests were carried out in NaOH (0.1 M) electrolytic solution at 0.9 V vs. MOE.

The XRD spectra and UV-vis spectra shown in Figure IV.4 are aimed at studying the
influence of heat treatment on the structural and optical properties of the MnO; films. From
Figure IV.4a, MnO, films electrodeposited at 1.0 V appear to be amorphous, viewing from
XRD spectra, no MnO, peak could be observed except for those belonging to FTO substrate,
indicating that heat treatment did not change the crystallinity of MnO, films in this
temperature region. Moreover, the existence of a MnQ; film reduces the diffraction signal of
the FTO substrate. Sample heated at 110 °C has some noise signal, and the FTO signal
disappears for sample heated at 130 °C, but no obvious changes are related to the MnQO, films.
On the other hand, the UV-vis spectra show that sample heated at 130 °C has the lowest light
absorption ability comparing with samples heated at other temperatures, and the as-prepared
sample has slightly higher absorbance than heated samples, perhaps caused by the abundant
water molecules in its structure. Generally, higher absorbance in high wavenumber region
will benefit the solar water splitting reaction. Although the electrocatalytic activity of sample
heated at 130 °C is the best, its photoelectrocatalytic performances towards water splitting

need to be checked.
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Figure 1V.4: a) XRD and b) UV-vis spectra of FTO/MnO; electrodes heated at different
temperatures for 30 min. Samples prepared using chronoamperometry at 1.0 V vs. MSE for
10 min.

1IV.2.2 On MnO; films electrodeposited on FTO at 0.6 and 1.2 V vs. MSE

Two more series of samples were prepared using 0.6 and 1.2 V vs. MSE for
electrodeposition, and then heated at different temperatures. The CV and CA tests are shown
in Figure IV.5. For the MnO; films prepared at 1.2 V vs. MSE, sample heated at 110 °C has a
little better activity, as observed from the CV curves, followed by samples heated at 90 °C
and 130 °C. The sample heated at 150 °C has the lowest current density. This trend is also
confirmed by the CA tests. Moreover, all samples show a good stability as revealed by CA

tests, in which the current density keeps the same value in the 10 min test duration.
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Figure 1V.5: a) Cyclic voltammetry and b) chronoamperometry curves of FTO/MnO,
electrodes heated at different temperatures. Samples prepared using chronoamperometry at
1.2 V vs. MSE for 10 min. OER tests carried out in NaOH (0.1 M) electrolyte. Scan rate: 10

mV/s.
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On the contrary, the heating effect is complicated for samples electrodeposited at 0.6
V vs. MSE, as shown in Figure IV.6. From the former results, MnO, films electrodeposited at
this potential possess the birnessite type crystalline structure (see Figure I11.35b) and the OER
activity of this type of films was found to be limited. Here, the results are consistent. The as-
prepared sample has the lowest activity, which is even lower than the bare FTO electrode.
Obviously, heat treatment will increase this activity. As observed with samples heated at
110 °C, 130 °C and 150 °C, the current density increases substantially, while for 90 °C, the
promotion effect is limited. Furthermore, it is noteworthy that all samples degrade quickly
after each CV scan, especially for those highly active samples. This phenomenon is also
observed in the subsequent CA tests obtained after 3 CV scans. The current density values
measured during the CA tests increase with the heating temperature, i.e. the higher the
heating temperature, the higher the current density. Sample heated at 150 °C has the highest
current density, followed by sample heated at 130 °C, while for the other samples heated at
lower temperatures, the current density is quite small. Moreover, the current densities
measured on the CA curves tend to decrease during the test duration, meaning that the films

undergo a continuous degrading.
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Figure 1V.6: a) cyclic voltammetry and b) chronoamperometry curves of FTO/MnO,
electrodes heated at different temperatures for 30 min. Samples prepared using
chronoamperometry at 0.6 V vs. MSE for 10 min. OER tests were carried out in NaOH (0.1
M) electrolyte. Scan rate: 10 mV/s.

Considering those low temperature heated samples investigated above, the
highest current density obtained on the series of samples electrodeposited at 0.6 V vs. MSE

(~ 2.8 mA/cm?) is lower than any of those measured on the series of samples electrodeposited

at 1.2 V vs. MSE (~ 4.2 mA/cm?) or 1.0 V (~ 5.0 mA/cm?), and the stability of those 0.6 V
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samples is also worse than that of the other samples after heat treatment. In this sense, the
MnO, films with birnessite type crystalline structure are not better candidates as OER

catalysts than MnO; films possessing an amorphous structure.

Meanwhile, an interesting phenomenon was observed during the preparation and
evaluation test: when the film was electrodeposited on a recently cleaned and still wet FTO
substrate, the activity was good, while when it was electrodeposited on a cleaned and well
dried FTO substrate, the electrocatalytic activity was poor even after heat treatment. The
OER tests performed on MnO, samples electrodeposited at 1.2 V vs. MSE on either wet or
dry FTO substrates are shown in Figure IV.7. The main reason of the poor activity of those
films electrodeposited on dry substrate is their bad stability: after 3 CV scans, nearly the
whole film was peeled off of the substrate, indicating a poor adhesion between the film and
FTO substrate surface. After several trials, it is confirmed that the substrate conditioning has
a crucial influence on the stability and the subsequent activity of electrodeposited MnO; films,
i.e. the wet surface of FTO substrate favors the formation of stable, very adherent and highly

active MnO, films.

a) 4] FTO/MnO,: wet substrate b) ad FTO/MnO,: dry substrate
34 as prepared 34 as prepared

—T02°C S 70°C

g o —90°C § ] —090 °C

< ° —110°C < - —1102C

£ ——130°C 8 —130°C
1 ‘ 1
04 04

T T . T L3 T ¥ T T ¥ T \J T

T ¥ J T 3 T L T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E/V vs. MOE E/V vs. MOE

Figure 1V.7: Cyclic voltammetry curves of MnO; films electrodeposited on a) wet and b) dry
FTO substrates and heated at different temperatures for 30 min. MnO, samples were prepared

using chronoamperometry at 1.2 V vs. MSE for 10 min. OER tests were carried out in NaOH
(0.1 M) electrolyte. Scan rate: 10 mV/s.

IVV.3 Effect of heating at moderate temperature

In section IV.2, it has been confirmed that the heat treatment has a crucial influence

on the electrocatalytic activity of MnO, films towards OER. The stability of adhesion
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between the MnO, film and the substrate is also an important factor affecting the activity of
these electrodeposited films. Low temperature heating (70 - 150 °C) investigated in the
previous section was expected to cause the dehydration of the MnO, films, and thus to
slightly change its oxidation state and its crystalline structure. However, these changes are
quite limited. Generally, calcination is a key step for the preparation of catalysts. In this step,
dehydration and phase transition will lead to huge difference on the crystallinity and the
oxidation state of the material, and thus they are expected to cause great change on the
electrocatalytic activity of these films. Therefore, choosing a proper temperature for the
calcination is one of the most critical aspects to obtain highly active catalysts. In our case,
apart from the dehydration and phase transition, the calcination may also increase the
adhesion between the film and the substrate, making therefore the MnO; films more stable

and active.

In order to study the influence of high temperature calcination on the electrocatalytic
activity of electrodeposited MnQO, films towards OER, samples were prepared at 0.6 V and
1.2 V vs. MSE, respectively. The calcination temperature was chose inside a range going

from 150 °C up to 600 °C, which is higher than the melting point of MnO,.

IVV.3.1 On MnO; films electrodeposited on FTO at 0.6 V vs. MSE

Figure IV.8 shows heating effect on samples electrodeposited at 0.6 V vs. MSE. From
the CV curves (see Figure IV.8a), obvious promotion effect is obtained with samples
calcinated at high temperatures. By comparison with the samples calcinated at 150 °C, those
calcinated at 200 °C and 300 °C show higher current density and the difference between each
CV scan is small, indicating a good stability, while for the sample calcinated at 400°C, the
activity turns out to be low, meaning that the calcination temperature might be too high. From
the Tafel plots (see Figure IV-8b), the low slope values always correspond to highly active

samples, but still there are some samples that do not obey this trend.
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Figure 1V.8: a) cyclic voltammetry curves and b) corresponding Tafel plots of FTO/MnO,
electrodes heated at different temperatures for 30 min. Samples prepared using
chronoamperometry at 0.6 V vs. MSE for 10 min. OER tests were carried out in NaOH (0.1
M) electrolyte. Scan rate 10 mV/s.

Birnessite-type crystalline variety is a layered material, and cations and water
molecules are inserted into the spaces between those layers. Therefore, dehydration during
heat treatment will remove those inserted water molecules and lead to structure deformation,
especially for high temperatures. In this case, the XRD technique is well adapted to study this
effect. The XRD spectra of heated MnO, samples are shown in Figure IV.9. Clearly, with the
heating temperature increase, samples lose their birnessite type crystalline structure. The
sample heated at 90 °C still has an intense birnessite diffraction peak, while for the sample
heated at 150 °C, the intensity of this same diffraction peak becomes quite weak, indicating
that the crystalline structure has changed, the peak characteristic of birnessite has almost
completely disappeared and the sample turns to amorphous after heating at 250 °C. However,
when the temperature reaches 400 °C, the birnessite pattern appears again. That means the
crystalline undergoes the birnessite-amorphous-birnessite phase transition. In this case, the
disappearance of birnessite structure is due to the dehydration process leading to damages of
the layered structure, while the re-appearance could be due to the phase transition of the

MnO, structure.
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Figure 1V.9: XRD spectra of FTO/MnO; electrodes calcinated at different temperatures for
30 min. Samples prepared using chronoamperometry at 0.6 V vs. MSE for 10 min.
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Figure 1VV.10: SEM images of FTO/MnQO; films calcinated at 200 °C and 300 °C for 30 min
before and after OER tests. Samples prepared using chronoamperometry at 0.6 V vs. MSE for
10 min.

The surface morphology of heated samples shows little difference after comparison
with the as-prepared sample, as shown in Figure IV.10. However, small pores appear on the

surface of the sample heated at 300°C (see small SEM image included in Figure IV.10a, 3-6
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nm diameter), while they are not observed on the one heated at 200 °C (see Figure 1V.10a),
indicating possibly that the film lost some matter as a consequence of dehydration and

calcination at high temperature.

After OER tests, the surface morphology remains unchanged as observed from the
SEM images in Figure IV.10c,d. Moreover, most of the pores in the 300 °C heated sample
are now closed and become invisible after OER test (see Figure IV.10d), which means the
surface of the film rearranges during cyclic voltammetry experiments. The similar
morphology of samples before and after OER test also reflects that the films become stable

and adherent on the FTO substrate after calcination.
IV.3.2 On MnO; films electrodeposited on FTO at 1.2 V vs. MSE

Samples electrodeposited at 1.2 V vs. MSE are initially amorphous after
electrodeposition. Their CV curves and the corresponding Tafel plots obtained during OER
tests are shown in Figure IV.11. In this series of experiments, samples heated at a moderate
temperature show similar electrocatalytic activities that are much higher than that obtained at
150 °C. Heating at 200-250 °C has slightly higher promotion effect as the current density
reaches 3.5-4.2 mA/cm”. Moreover, all samples show good stability during consecutive
cyclic voltammetry scans. The Tafel slope values of these samples are close to each other,

and lower than that of the sample heated at 150°C, in good agreement with the CV results.
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Figure 1V.11: a) cyclic voltammetry curves and b) corresponding Tafel plots of FTO/MnO,
electrodes heated at different temperatures for 30 min. Samples prepared using
chronoamperometry at 1.2 V vs. MSE for 10 min. OER tests carried out in NaOH (0.1 M)
electrolyte. Scan rate: 10 mV/s.
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The XRD spectra of the heated samples (see Figure IV.12) show no difference after
comparison with those of the as-prepared sample. Apart from the diffraction peaks of FTO
substrate, no other patterns could be observed even for samples heated at 400 °C, suggesting
that no phase transition happened at this temperature. The sample heated at 300 °C was
characterized again after OER test, and the XRD spectrum remained unchanged, which

confirms its high stability.
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Figure 1V.12: XRD spectra of FTO/MnO;, films calcinated at 300 °C and 400 °C for 30 min.
MnO, samples prepared using chronoamperometry at 1.2 V vs. MSE for 10 min.

The morphology of these films was studied by SEM (see Figure IV.13). Comparing
with the as-prepared sample, the surface morphology of the granular structure does not
change a lot after calcination. However, as the calcination temperature increases, the
boundaries of each grain become unclear and more difficult to identify, especially for the
sample heated at 300 °C. This change could be caused by the fusion and rearrangement of the
film under high temperature, indicating probably that the phase transition starts to happen.
After OER test, as shown in Figure IV.12, the morphology of those moderate temperature
heated samples shows no obvious change as expected, indicating the good stability of the

films.
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Figure 1V.13: SEM images of FTO/MnO, films calcinated at 200 °C, 250 °C and 300 °C
for 30 min before and after OER tests. Samples prepared using chronoamperometry at 1.2 V
vs. MSE for 10 min.

IV.4 Effect of heating high temperature on FTO/MnO, films

The heating effect at low temperature (70 — 150 °C) and moderate temperature (150 —
400 °C) has been discussed above. By comparison with the low temperature, moderate
temperature led to better promotion effect of the OER performances, especially for birnessite
type MnO, films electrodeposited at 0.6 V vs. MSE. However, none of these temperatures
caused obvious phase transition. The samples heated at 400 °C already showed some signs of

melting in the topography, but the phase did not change according to the XRD spectra. The
118



melting temperature of MnO, is about 530 °C. The rearrangement coming after melting could
make new crystalline structures with different electrocatalytic performances. Zaki N. Zahran
et al. observed the formation of a—Mn,Oj5 structure after calcination at 550 °C [125], but the
influence of the initial structure caused by the electrodeposition potential has not been studied
yet. In order to solve this question, a new series of investigations were carried out after

heating at a high temperature.

In this part, two series of samples electrodeposited at 0.6 V and 1.2 V vs. MSE, which
possess the birnessite type and amorphous crystalline structure respectively, were employed.
The heat treatment temperature ranged from 450 to 600 °C and the duration was 30 min.
After heating, samples were evaluated by different characterization methods in order to study

the change on the morphology, structure and OER activity of the MnO; films.
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Figure 1V.14: a,c) LSV curves and b,d) Tafel plots of FTO/MnO, electrodes calcinated at
different temperatures for 30 min. Samples prepared using chronoamperometry at 0.6 V and
1.2 V vs. MSE for 10 min. OER tests were carried out in NaOH (0.1 M). Scan rate: 10 mV/s.
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The LSV curves related to OER tests are shown in Figure IV.14. For MnO, films
electrodeposited at 0.6 V vs. MSE (see Figure 1V.14a), the MnO, sample heated at 450 °C
shows slightly better OER activity in low potential region, according to its lower onset
potential, while in the high potential region, i.e. above 0.75 V vs. MOE, the MnO; sample
heated at 500 °C is much better. Heating at a higher temperature such as 550 °C and 600 °C
leads to a decrease of the electrocatalytic activity in the high potential region, suggesting that

this latter is hindered by high temperature calcination.

For MnO, films electrodeposited at 1.2 V vs. MSE (see Figure IV.14c), the MnO,
sample heated at 500°C has the best OER activity in the whole potential region. The current
density values of samples heated at 500 °C are 7.28 and 7.98 mA/cm? at 0.8 V vs. MOE for
samples electrodeposited at 0.6 and 1.2 V vs. MSE respectively. These latter are the highest
current density values obtained on MnO; films. Moreover, it is noteworthy that for all
samples heated at high temperature, the onset potential of OER is lower (~ 0.5 V vs. MOE)
after comparison with the previous results. From the Tafel plots shown on Figure 1V.14,
although Tafel slope values are lower for these samples heated at 500 °C, they are slightly
higher than those of the samples heated at 550°C. In this case, the Tafel slope values do not
show the same trend as the current density values measured at 0.8 V vs. MOE, possibly as a

consequence of the influence of matter transport existing at this potential. .

More importantly, it is found that the resistance of the FTO substrate increases
dramatically when heating is carried out at high temperature, as observed on the EIS spectra
shown in Figure IV.15. Usually, the starting point of EIS spectra in high frequency range is
ascribed to the uncompensated series resistance, including the electrolyte resistance and the
film resistance. Considering the test conditions, all experiments were carried out obviously in
the same electrolyte, thus the big difference in the starting point in the EIS spectra should be
caused by the change of the FTO film resistance and bottom substrate. In order to elucidate
this suggestion, bare FTO substrates were heated using the same conditions and it was found
that the resistance increases with heating temperature, and their values were very close to the
series resistances measured on MnO; samples. Therefore, the high series resistance results
come mainly from the conductivity drop of the FTO substrate. When the test potential
increases, the current increases, leading to the partial potential shared by the electrolyte and

film resistance increases. It could be neglect when the current density is small, but with high
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current value, this part of partial potential becomes remarkable, thus at given potential range,

samples with high resistance always perform worse OER activity.
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Figure 1V.15: EIS spectra of FTO/MnO; electrodes calcinated at different temperatures for
30 min. Samples prepared using chronoamperometry at 0.6 V and 1.2 V vs. MSE for 10 min.
Test electrolyte: NaOH (0.1 M). Test potential: 0.7 V vs. MOE.

Moreover, along with the increase of the heating temperature, the diameter of the
flattened semicircles observed on Figure IV.15 increases too, indicating possibly an increase
in the charge transfer resistance. Beyond the effect of the high series resistance values, the
new electronic properties of the MnO, films after high temperature heating could also

contribute to the apparently larger charge transfer resistance.

In this sense, the iR correction involving the series resistance, which is based on the
measure of a series resistance including definitely the electrolyte resistance and possibly a

series resistance related to the conductivity of the substrate, becomes more significant.

Based on former results, calcination at 400 °C already causes visible changes of the
morphology of MnO, films. At higher temperatures, a great difference should be observed on
the morphology and even on the crystallinity of those films. Thus, the topography of those
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samples heated at high temperature was studied by SEM and the images are shown in Figure

IV.16 and IV.17.

Figure 1V.16: SEM images of FTO/MnO, electrodes heated at high temperature region for
30 min. Samples prepared using chronoamperometry at 0.6 V vs. MSE for 10 min.

For samples electrodeposited at 0.6 V vs. MSE, calcination at 450 °C did not cause
obvious change in the surface morphology (see Figure IV.16a). However, calcination at
500 °C causes obvious decomposition of the film, as the layered structure is smashed and
particles start to form (see Figure IV.16b). When the temperature goes up to 550 °C, which is
beyond the melting point of MnO,, the film loses its rough surface and turns to flat laminar
structure (see Figure IV.16c). This is a clear evidence of the melting effect: MnO, melts and
re-disperses during the calcination process at this temperature. After calcination at 600 °C,

even the layered structure has disappeared, and it is replaced by a pseudo-dendritic structure.

On the other hand, for the samples electrodeposited at 1.2 V vs. MSE, the morphology
appears to adopt another aspect after calcination. The morphology change also begins from
500 °C, as the as-prepared big particles decompose into small rice grain shaped particles (see

Figure IV.17b). As the temperature increases to 550 °C, some bigger nanorods start to grow
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at the bottom of the surface while the top of the film shows no obvious changes (see Figure
IV.17¢). When the temperature increases to 600 °C, the surface is totally replaced by big long
nanorods, indicating those small rice grain shaped particles combine together during
calcination (see Figure IV.17d). The FTO substrate was also calcinated and analyzed by SEM,
but no obvious changes happens after calcination at 600 °C, showing its good thermal

resistance.

Y q) 600 °C F

Figure 1V.17: SEM images of FTO/MnO, films heated at high temperature region for 30
min. Samples prepared using chronoamperometry at 1.2 V vs. MSE for 10 min.

The crystalline structure of those samples were characterized by XRD on new MnO,
samples prepared using a 30 min electrodeposition duration (instead of 10 min), in order to
get clear diffraction patterns for MnO; films. From the XRD spectra shown in Figure IV.18,
the crystallinity of FTO shows no obvious change after calcination. However, the samples
electrodeposited at 0.6 V vs. MSE show the characteristic peaks of birnessite (12.8° and
38.2°), which disappear after heating at low temperature. Those peaks are more clear and
intense on the XRD spectra corresponding to samples electrodeposited during 30 min and
heated at 550°C for 30 min (see Figure IV.18). A re-formation phenomenon of birnessite was

observed on a sample heated at 400 °C (see Figure IV.9), and it is confirmed again here at
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550°C. For samples electrodeposited at 1.2 V vs. MSE, no obvious changes on the crystalline
structure are observed. Besides, the peaks at 32.9° and 55.2° could be ascribed to the
diffraction pattern of a-Mn,O3 (JCPDS card No. 89-4836)[127’1281, which is consistent with the
result of Zaki N. Zahran et al. "*). 1In this case, the phase transition has begun due to the
high temperature calcination, but the crystallinity of a-Mn,Os is not good, perhaps because of

the short calcination time or the mixed crystalline structure of the films.
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Figure 1V.18: XRD spectra of FTO/MnO; films calcinated at 550 °C for 30 min. Samples
prepared using chronoamperometry for 10 or 30 min at 0.6 V or 1.2 V vs. MSE.

It has been found that the resistance of FTO increases dramatically after calcination at
high temperature (see EIS results in Figure IV.15). However, there is no obvious change on
the crystallinity and on the surface morphology of bare FTO samples heated at 550°C. Thus
the reason for the conductivity change should come from an electronic structure change,
either in the bulk of the FTO layer or at the FTO/MnO, interface, rather than from the

crystallinity or a phase transition.

Based on the results described above, heating treatment at high temperature (500°C)
substantially provided the best improvement of the electrocatalytic activity of MnO, films

towards OER, while a moderate temperature has only a moderate beneficial effect.

IVV.5 Solar water splitting on heated FTO/MnO; films
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The final target of this study is to investigate the performance of electrodeposited
MnO, films as catalysts for photoelectrochemical water splitting. As a consequence, the test
of the photo-electrocatalytic activity of MnO, films under solar light is a key step to evaluate
their performances, and if necessary, their practical applications. Natural sunlight is not a
constant light source because the light intensity changes with time and is influenced by the
weather. In this case, an artificial light source with stable and adjustable light intensity is
more practical. Here, we used a commercial solar simulator equipped with a xenon lamp to
provide the needed solar light (see section II.6 for description and Appendix A.2 for

calibration).
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Figure 1V.19: Chronoamperometry of photoelectrochemical water splitting tests carried out
on FTO/MnO; electrodes under the chopped light of a solar simulator. Samples prepared
using chronoamperometry at different electrodeposition potentials for 30 min. Electrolyte:
NaOH (0.1 M). Test potential: 0.9 V vs. MOE. Light intensity: 100 mW/cm?.
The photoelectrochemical water splitting tests were carried out under manually
chopped lightening on selected samples electrodeposited at 0.6 V and 1.2 V vs. MSE and
then heated at different temperatures. The light was set to be on for one or two minutes and

the light intensity was set to be 100 mW/cm?, which is equal to the natural sun light AM 1.5
G. The results are shown in Figure IV.19.

In this test, all samples show a more or less progressive degradation during the test. It
is thus difficult to evaluate the photocurrent generated by the solar simulator lightening.
However, it is obvious that the decreasing trend of the current is significantly stopped and

even a small increase of the current can be observed during the lightening periods. For
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samples heated at 150 °C, whether they belong to the amorphous or birnessite crystalline
variety, the current density decrease is fast, indicating the poor stability of these films. On the
contrary, in the case of samples heated at 300 °C, the current density decrease is much slower,
indicating that the stability of the films is enhanced by this heat treatment. The appearance of
a photo-electrocatalytic activity is consistent with the predictions. Moreover, the samples
electrodeposited at 0.6 V vs. MSE show smaller current density values than those
electrodeposited at 1.2 V vs. MSE, whereas the photocurrent values of each MnO, variety are

difficult to distinguish between them.
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Figure 1V.20: Chronoamperometry of photoelectrochemical water splitting test on
FTO/MnO; electrodes under the chopped light of a solar simulator. Samples prepared using
chronoamperometry at a) 0.6 V and b) 1.2 V vs. MSE and heated at 300 °C for 30 min.
Electrolyte: NaOH (0.1 M). Test potential: 0.9 V vs. MOE. Light intensity: 100 mW/cm?.

The absorbance of a MnO; film may be influenced by the thickness of the film, as
revealed by UV-vis spectra (see Figure II.27c), as the absorbance increases with the

electrodeposition time. Thus, the influence of the film thickness on the photoelectrocatalytic

activity towards water splitting was studied. The results are shown in Figure IV.20.

The bare FTO sample has no photoelectrocatalytic activity, as evidenced by Figure
IV.20, in which no current density enhancement was observed for this sample. For samples
electrodeposited at 0.6 V vs. MSE, clearly, a 2 min electrodeposition duration is not enough
to observe a photoelectrocatalytic activity, because of the thin thickness of the film.
Moreover, the dark electrocatalytic activity of the film is limited as well. On the other hand,
for a 10 min electrodeposition time, this latter is multiplied by three, and a small photocurrent

can also be observed. When the electrodeposition time is extended to 30 min, the dark
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electrocatalytic activity is not much higher than the one observed for a 2 min
electrodeposition duration, but an obvious photocurrent is observed. This trend remains the
same for samples electrodeposited at 1.2 V vs. MSE. Furthermore, it is noteworthy that all
the samples electrodeposited at this potential have a higher current density than those of the
MnO, films electrodeposited at 0.6 V vs. MSE, indicating a better photoelectrocatalytic
activity towards OER.

The current density values measured at the end of each lightening period for samples
electrodeposited for 30 min were extracted from the chronoamperometry test shown on

Figure IV.20, and plotted as a function of time, as shown in Figure IV.21.
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Figure 1V.21: Current density values measured at the end of each lightening period. Data
extracted from Figure IV.20.

Considering that the current density is continuously decreasing during the test, the

photocurrent value is calculated by formula (IV.1).

_ (Idark current before + Idark current after) (IV 1)
Iphoto current — Ilight current 2 .

The calculated photocurrent values are listed in Table IV.1. Clearly, the photocurrent
values of sample electrodeposited at 0.6 V vs. MSE is 72.4 pA/cm?, which is smaller than
that of sample electrodeposited at 1.2 V vs. MSE, 104.0 pA/cm”. However, considering the
ratio of photocurrent versus dark current (Ionoto/Idark), the sample electrodeposited at 0.6 V vs.

MSE provides a slightly higher ratio (15.7%) than the sample electrodeposited at 1.2 V vs.
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MSE (13.4%), meaning that the first one has a little higher photoelectrocatalytic activity than

the second one.

Table IV.1: calculated photo current of FTO/MnO, samples

sample 1 2 3* 4 5 6* 7 8 average
Photo

0.6V current / 73.5 75 72 64 68 71 80 75.5 72.4
VS. uA/cm2

MSE Iph"/“’o//ld“k 1549 16.06 1535 1356 1459 15.64 18.02  17.22 15.7
o
Photo

12V current / 87 123.5  114.5 103 86 95 113 109.5 104.0
Vs. uA/ecm’

MSE Iph"/“’o//ld“k 1024 1549 14.61 13.14 11.08 1248 15.15 15.01 13.4
o

*the value might not be accurate because the chopped durations before and after are different.

These two samples were calcinated at 300 °C, and the phase transition did not happen
yet, thus the samples conserved the as-prepared morphologies, in which the sample
electrodeposited at 0.6 V vs. MSE has the layered structure while the one electrodeposited at
1.2 V vs. MSE has the columnar structure. Moreover, the later one has a lot of big columns
(see Figure II1.37), which increases the surface area of the film. Both samples were
amorphous without any crystalline diffraction patterns as observed from the XRD results. It
appears therefore that the sample electrodeposited at a higher potential seems to be more

active towards the photoelectrochemical water splitting.

IVV.6 Conclusions

In this chapter, the influence of post heat treatment on the photoelectrocatalytic
activity of FTO/MnO, electrodes was studied. Three temperature regions were investigated
respectively: low temperature region (70 - 150 °C), moderate temperature region (200 —
400 °C) and high temperature region (450 - 600 °C). The MnO, samples were prepared using
chronoamperometry at different electrodeposition potentials (0.6 V, 1.0 V or 1.2 V vs. MSE)
and for different electrodeposition times (10 min or 30 min). Through the structural and
morphological analysis, the phase transition of the electrodeposited MnO; films starts from
500 °C. Below this temperature, no obvious changes could be observed, while above this
temperature, the morphology experiences clearly melting and re-arrangement. The birnessite
structure (samples electrodeposited at 0.6 V vs. MSE) could be seen at low and high

temperatures whereas it disappears at moderate temperature, while no obvious structure

128



changes were observed for amorphous MnQO; samples (samples electrodeposited at 1.2 V vs.
MSE). High temperature calcination was shown to increase the electrical resistance of FTO
substrate, thus leading to lower performances of FTO/MnO; samples as OER electrocatalysts.
In this case, the iR correction is necessary to get the real electrocatalytic activity of MnO,;
films. It is found that samples heated at 500 °C have the best OER activity, and samples
electrodeposited at 1.2 V vs. MSE are always better than those electrodeposited at 0.6 V vs.
MSE. Moreover, the stability of FTO/MnO, films could be significantly enhanced by heat
treatment, especially for samples electrodeposited at 0.6 V vs. MSE. From the
photoelectrochemical water splitting tests, considerable photocurrents were obtained on thick
FTO/MnO, samples, indicating the great capability of MnO, as a powerful

photoelectrocatalyst for solar water splitting.
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Chapter V: Influence of cations insertion on the
electrocatalytic activity of MnO, films towards OER

V.1 Introduction

Material structures are hardly homogeneous and usually contain impurities and
defects, which are included during the preparation step. Since the natural OEC was found to
be a MnyCaOs cluster, the study of biomimetic fabrication of OER catalysts draws much
attention. Among them, the birnessite-type MnO, bares high potential to be an efficient

(1291 1t consists of metal oxide layers with

catalyst due to its similarity to the MnyCaOs cluster
cations and water molecules inserted in the space between layers. The presence of cations is
the result of the oxidation state of Mn atoms. For instance, the theoretical oxidation state of
Mn in MnO, is +4, meanwhile +3 and +2 oxidation states also exist due to defects or
dislocation during the growth of the structure. Those inserted cations are necessary to balance
the negative charge brought by oxygen atoms and to keep the structure stable. A lot of
researches focus on the structure of MnQO, or other Mn-based oxides 49.30] However, the
inserted cation is also an important factor that would affect the electrocatalytic performances
of the catalyst. It has been reported that the photosystem II (PSII) would be inactive for

(1301 The nature of

oxygen evolution if the Ca atom was removed from the Mn4CaOs cluster
the cation determines the extent of the insertion, as a consequence of its diameter, valence
state, and migration rate. Different cations have been involved in the formation of birnessite
type MnO, structure. The results show that the cations have a great influence on the
electrocatalytic activity of electrogenerated MnO, catalysts towards OER. Mathias Wiechen
et al. prepared birnessite-type MnO, powders by comproportionation reactions of Mn*" and

>, Sr*" or Mg®" cations. They found that the structure of

MnOy in solutions containing K", Ca
those samples have similar atomic structure although the inserted cations are different.
However, the sample containing Ca*" show the highest OER activity, followed by sample
containing Sr** **!, Venkata Bharat Ram Boppana et al.!"*"! prepared K and Na™ inserted &-
MnO, and replaced those cations by H' through ion exchange. The oxygen evolution activity
of K-MnO; and Na-MnQO; was similar while that of H-MnO, was one order of magnitude
lower than that of the original K-MnO, sample although the crystalline structure did not

change much. They ascribed this to the stabilization of the layered structure by alkaline

cations instead of attributing them a role into the catalytic reaction. The MnO, samples in
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these reports were prepared using chemical synthesis. On the other hand, the influence cation
insertion on the electrocatalytic activity of electrodeposited MnQO, films towards OER was
never reported. J.N. Broughton and M.J. Brett studied the electrochemical capacitance of
MnO; films electrodeposited from solutions containing NaAc, KAc or NH4Ac and found that
the cations had no significant influence on the electrodeposition behavior and on the

132]

capacitance value of MnO, films!*?. On the other hand, electrodeposition has been proved

61321 but the influence of inserted

viable for preparation of birnessite-type MnQO, films
cations on the electrodeposition of MnO, films and on their properties still remain poorly

documented.

In this chapter, we tried to evaluate the influence of different cations on the
electrodeposition and the electrocatalytic activity of MnO, films. Alkaline metals cations
such as Na", K (valence state +1) and alkaline earth metal cations such as Ca®" and Mg2+

(valence state +2) were studied respectively for this purpose.

V.2 Preparation of FTO/C-MnQO, films containing different cations (C)

In chapter III, FTO was found to be a better substrate than ITO for OER
electrocatalysis using a MnO, catalyst, as concluded from the results obtained from a
MnSO4/NaClO;, electrolyte. Therefore, the samples were all electrodeposited on a FTO
electrode. The solution for electrodeposition contained MnSO4 (2 mM) and alkaline metal or
alkaline earth metal perchlorate salt (50 mM), as those used in previous chapters. LSV curves
carried out on bare FTO electrode in the electrodeposition solutions are shown in Figure V.1.
For these 4 solutions, the curves are similar with the electrochemical oxidation of Mn?*
cations appearing at a potential close to 0.57 V vs. MSE. An additional and irreversible
oxidation peak appears at about 1.5 V vs. MSE before the oxidation of water. This peak could
also be observed on the bare FTO electrode in the same solution in the absence of MnSOy4
Thus, this oxidation peak may reveal the oxidation of FTO possibly favored by the
perchlorate salt. In a MnSO,4 containing solution, this peak becomes more intense. One can
observe that solutions containing Ca>" or Mg”" cations lead to a higher intensity for this peak
than those containing Na" and K" cations, which could be due to their higher ionic strength.
Moreover, though the pH value of each solution is different, the peak position is always the

same, indicating the weak influence of pH on this oxidation peak. The cathodic peaks

131



appearing close to 0.4 V and -0.5 vs. MSE are attributed to the partial electrochemical

reduction of MnO,.
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Figure V.1: LSV curves showing MnO; electrodeposition and reduction in solutions
containing different cations. Electrolyte: MnSO4 (2 mM); (Na, K, Ca, Mg) ClO4 (50 mM).
Scan rate: 10 mV/s.

Chronoamperometry was employed for the preparation of FTO/MnO, samples.
Electrodeposition potential was set to be 0.6 V and 1.2 V vs. MSE with electrodeposition
time of 10 or 30 min in order to obtain the birnessite and amorphous crystalline varieties
respectively. Then, the obtained samples were heated at 90 and 300 °C to increase their
stability. The samples are denoted by the cations included in the electrodeposition solution,

1.e. Na-MnQO,;, K-MnO,, Ca-MnO, and Mg-MnO,.
V.3 OER tests on electrodeposited FTO/C-MnO, films

The cyclic voltammetry curves of OER tests on MnO, samples introduced above are
shown in Figure V.2. From these CV curves, the same trend as that found in chapter 1V is
observed. It is obvious that samples electrodeposited at 0.6 V vs. MSE and heated at 90 °C
have the worst electrocatalytic activity, no matter what the inserted cation is. This is
consistent with our previous conclusions and could be ascribed to the poor stability of the
MnO; films. On the other hand, MnO, films electrodeposited at 1.2 V vs. MSE and heated at
90 °C all show a better electrocatalytic activity towards OER, except the K-MnO, sample that
shows an activity worse than the other samples (Na-MnO,, Ca-MnO; and Mg-MnO,

132



electrodeposited at 1.2 V vs. MSE and heated at 90 °C), and the CV curves degrade quickly,
which means that the adhesion of this sample is not well established. On the contrary, after
heating at 300 °C, great promotion effect appears on samples electrodeposited at 0.6 V vs.
MSE and the difference between samples electrodeposited at different potentials becomes
very small. In other words, after comparison between them, samples heated at 300°C have
similar electrocatalytic activities (red and green curves in Figure V.2). This is ascribed to the
heating effect, which increases the adhesion of the samples, especially for the MnO, samples
electrodeposited at 0.6 V vs. MSE. For samples electrodeposited at 1.2 V vs. MSE, heating at
300 °C also slightly promotes the OER activity comparing with heating at 90 °C (see blue
and green curves). From the Tafel plots shown on Figure V.2b,d,f,h, MnO, samples heated at
300°C (see red and blue lines) have much lower Tafel slope values than samples heated at
90 °C (see black and green lines) for all series, agreeing with the performances of their
electrocatalytic activities. The Tafel slope values of samples heated at 300 °C between 100
and 110 mV/dec (except one : Mg-MnO, at 1.2 V vs. MSE, 300°C), while the Tafel slope

values for the samples heated at 90°C are dispersed in a larger range of values.
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Figure V.2: a, ¢, e, g) cyclic voltammetry curves and b, d, f, h) Tafel plots of MnO, films

electrodeposited on FTO in Na', K, Mg2+ and Ca”" containing solutions (iR corrected) .

Samples prepared by chronoamperometry for 10 min. Test solution: NaOH (0.1 M). Scan
rate: 10 mV/s.

In order to understand the influence of cations and make the comparison more clear,
the MnO, samples prepared using the same experimental conditions (same electrodeposition
potential and same heating temperature) are put together and the results are shown in Figures
V.3 (CV curves) and V.4 (Tafel plots). For samples electrodeposited at 0.6 V vs. MSE and
heated at 90 °C (see Figures V.3a and V4a) which possess the birnessite structure, K-MnO,
has the best activity, followed by Ca-MnO, and Mg-MnO,, whereas Na-MnO, has the lowest
activity. On the other hand, it is noteworthy that all these samples degrade very quickly
during the consecutive scans of cyclic voltammetry, suggesting the poor adhesion of these
films. On the contrary, after heating at 300 °C, both the activity and stability of all these
samples increase significantly. The activity follows the sequence: Mg-MnO,; > K-MnO, =
Ca-MnO; > Na-MnO,. For MnO, samples electrodeposited at 1.2 V vs. MSE, Na-MnOQO, turns
out to be the best catalysts after heating at 90 °C, and followed by Mg-MnO; and Ca-MnO,.
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K-MnO, is the worst one because of its bad adhesion and its poor stability. After a 300 °C
heating, the activities of these samples are similar between them and the differences between

their CV curves are quite small.
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Figure V.3: Cyclic voltammetry curves of MnO, films electrodeposited on FTO in Na', K,
Mg*" and Ca”" containing solutions. Samples prepared by chronoamperometry for 10 min.
Test solution: NaOH (0.1 M). Scan rate: 10 mV/s.

From the Tafel plots shown on Figure V.4, among the MnO, films electrodeposited at
0.6 V vs. MSE (birnessite variety), Na-MnO; has the smallest slope value (170 mV/dec)
among the samples heated at 90°C, while Mg-MnO, has the largest (296 mV/dec), which
disagree with the sequence of the corresponding CV curves (see Figure V.3a). This suggests
that the kinetics of the OER reaction on these samples may be quite different. This
phenomenon is also observed for samples electrodeposited at 1.2 V vs. MSE and heated at
90 °C (see Figure V.4c), where K-MnO, has lower activity according to CV curves but its
Tafel slope value is slightly smaller than that of the Ca-MnO, sample. In this case, the

differences between the CV curves could come from the influence of the stability of those
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samples. After a 300 °C heating, the Tafel slope values of the birnessite type MnO, samples

are nearly identical (see Figure V.4b), meaning that the specificities of those films are

removed due to the heating effect. This is also suitable for samples electrodeposited at 1.2 V

vs. MSE, whose differences observed after heating at 90 °C disappeared after heating at

300 °C. The abnormal value of Mg-MnO, sample might be due to the bad linearity of this

Tafel plot (possibly as a consequence of O, bubble production during the OER test).
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Figure V.4: Tafel plot of MnO, films electrodeposited on FTO in Na*, K", Mg*" and Ca**
containing solutions. Samples prepared by chronoamperometry for 10 min. Test solution:
NaOH (0.1 M). Scan rate: 10 mV/s.

From these tests, it is supposed that the influence of the cations are more remarkable

in the birnessite structure rather than in the amorphous structure. After moderate temperature

heating (300°C), this influence becomes almost invisible.

V.4 Structural and morphological analysis of electrodeposited FTO/C-
MnO, films
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To further understand the effect of inserted cations on the -electrocatalytic
performances of MnO, films, the structure and morphology of these samples were
characterized. The XRD spectra are shown in Figure V.5. As expected, for all series, only
samples electrodeposited at 0.6 V vs. MSE and heated at 90 °C show the characteristic
diffraction peaks of birnessite structure. After heating at 300 °C, these peaks disappear,
suggesting that the birnessite structure is destroyed. Samples electrodeposited at 1.2 V vs.
MSE have no diffraction peak of any MnO, species, indicating their amorphous structure.
This result is consistent with the observations reported previously. In addition, from the
intensity of the birnessite peaks observed on the black curves, the crystallinity of Na-MnO,

and Ca-MnOQ; are better than that of the other two samples, while Mg-MnQO, has the lowest

birnessite-type crystallinity.
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Figure V.5: XRD spectra of MnO films electrodeposited in Na*, K", Mg®" and Ca*"
containing solutions. Samples prepared by chronoamperometry for 10 min.
On the other hand, birnessite-type samples are supposed to be unstable as concluded

from the results of the OER tests, which is the main reason hindering their catalytic activity.
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Apart from the birnessite type MnO, samples, the other samples are all amorphous, and their
electrocatalytic activities are much higher and close to each other, indicating the great

advantage of the amorphous structure.

In addition to the crystallinity, surface morphology is another key factor for the
electrocatalytic performances. The SEM topography images are shown in Figures V.6-9,

corresponding to Na-MnO,, K-MnQO,, Ca-MnO, and Mg-MnO, respectively.

According to the results obtained on Na-MnO, films in Chapters III and IV, it has
been found that the electrodeposition at 0.6 V vs. MSE will lead to a layered structure
whereas the one at 1.2 V vs. MSE will lead to a granular structure, as shown in Figure V.6.

This trend is also suitable for K-MnO,, Ca-MnO, and Mg-MnO,.

For K-MnO, samples, electrodeposition at 0.6 V vs. MSE (see Figure V.7a) leads to a
typical birnessite morphology that is similar to that obtained in Na™ containing solution (see
Figure V.7a). Heating at 90 or 300 °C does not change much the morphology (see Figure
V.7a,b), while for the sample electrodeposited at 1.2 V vs. MSE, the granular structure
becomes not as clear after heating at 300 °C, by comparison with that at 90 °C, which should

be caused by the melting process (see Figure V.7¢,d).

In the case of Ca-MnQO; series, electrodeposition at 0.6 V vs. MSE (see Figure V.8a)
leads to a more porous material than with Na-MnO, or K-MnO, samples (see Figures V.6a
and V.7a). Also, little difference is found after heating at 90 and 300 °C (see Figure V.8a,b).
Samples electrodeposited at 1.2 V vs. MSE have the same granular morphology and a little
melting is observed for samples heated at 300 °C (see Figure V.8c,d).

When Mg®" is the inserted cation, the bulk of the sample electrodeposited at 0.6 V vs.
MSE becomes much more porous (see Figure V.9a), even more than the one shown above for
the Ca-MnO, sample (see Figure V.8a). The structure resembles more a hollow frame and the
bottom FTO grains can be seen on the image (see Figure V.9a). After heating at 300 °C, the
hollow structure collapsed and the hollow portions of the initial film are filled and closed (see
Figure V.9b). This could be ascribed to the heating effect. For Mg-MnO, samples
electrodeposited at 1.2 V vs. MSE (see Figure V.9c¢), the surface morphology is no longer
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granular as it is replaced by a small net structure, which is similar to the one of the sample

heated at 300 °C (see Figure V.9d).

a) CA: 0.6V, 90 °c '™

S N

Figure V.6: SEM images of Na-MnO; films electrodeposited on FTO at 0.6 and 1.2 V vs.
MSE and heated at 90 and 300 °C.
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Figure V.7: SEM images of K-MnO; films electrodeposited on FTO at 0.6 and 1.2 V vs.
MSE and heated at 90 and 300 °C.
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Figure V.8: SEM images of Ca-MnO, films electrodeposited on FTO at 0.6 and 1.2 V vs.
MSE and heated at 90 and 300 °C.
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Figure V.9: SEM images of Mg-MnO, films electrodeposited on FTO at 0.6 and 1.2 V vs.
MSE and heated at 90 and 300 °C.

Considering the birnessite-type samples (electrodeposited at 0.6 V vs. MSE and
heated at 90°C), Na-MnO, and K-MnO, films have tighter and more porous morphologies
than Ca-MnO; and Mg-MnO; films, indicating the influence of cation valence state (+1 or +2)
on the morphology of the MnO; films. Theoretically, a porous structure has a higher specific
area than a tight one, which could provide more active sites and promote the reaction. This
could be a reason why Ca-MnO, and Mg-MnO, films have better electrocatalytic
performances towards OER than Na-MnO, films. While the high activity of K-MnO, films is
not clear, it might be related to its electrical properties. On the contrary, after heating at
300 °C, all samples electrodeposited at the same potential have similar morphologies and
their electrocatalytic activities are close. For samples electrodeposited at 1.2 V vs. MSE, the
morphology of Mg-MnO, sample has a little difference with that of the others, but no obvious
difference is observed on the OER activity and this difference becomes smaller after heating

at 300 °C.

V.5 Element analysis of electrodeposited FTO/C-MnO, films
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From the topography images obtained by SEM, cations added in the electrodeposition
solution have a clear influence on the morphology of electrodeposited birnessite-type MnO,
films, while their influence on the amorphous structure is not so clear. Then, what is their
influence on the chemical composition of the MnO, films and, before that, are these cations
inserted into the film structure? In order to evaluate the composition of those electrodeposited
MnO, films, EDS spectra were carried out. The EDS spectra of glass/ITO and glass/FTO
substrates are shown in Figure V.10. From these spectra, In and Sn were detected in ITO
substrate while only Sn was found in FTO. No signal was detected for the F element.
However, both substrates contain some Na, Mg and Ca signals and a quite intense Si signal.
These signals should be ascribed to the bottom glass support. Moreover, the signal position of
Ca is overlapped with that of Sn. The existence of these signals will hinder the elemental

analysis of the inserted cations, thus these two substrates are not adapted for the EDS analysis.
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Figure V.10: EDS spectra of a) ITO and b) FTO substrates

In chapter III, MnO, films were electrodeposited on Pt, ITO and FTO electrodes and
the results show that the morphology and crystalline variety are the same for similar
electrodeposition parameters. Thus, a Pt electrode without any other impurities could be a
good substrate for EDS analysis. In this sense, electrodes based on pure silicon substrates
coated with a thin layer of Pt were fabricated successfully in our lab and used for the
electrodeposition of MnO, films (for the fabrication method, see section 11.3.1). Figure V.11
shows the EDS spectrum of such homemade Si/Pt substrates. On this spectrum, only Si and

Pt signals were detected, which makes it an ideal substrate for EDS analysis.
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Figure V.11: EDS spectrum of a homemade Si/Pt substrate
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Figure V.12: EDS spectra of MnO; films electrodeposited at 0.6 V vs. MSE for 10 min on a
Si/Pt substrate in the presence of a) Na", b) K, ¢) Ca’" and d) Mg2+ cations and heated at

90°C for 30 min.

The MnO, films were electrodeposited on Si/Pt substrate using 0.6 V vs. MSE for 10

min in order to obtain the birnessite-type variety. Electrodeposition using 1.2 V vs. MSE

failed because of the intense water oxidation reaction on the Pt surface. The obtained films
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were heated at 90 °C for 30 min to remove water, and then analyzed by EDS. The resulting
EDS spectra are shown in Figure V.12. Apart from the Si and Pt peaks, Mn element was
detected in all samples. However, only Na element was clearly detected in the EDS spectra of
Na-MnO, sample, while the detected amounts of inserted K, Ca’" and Mg2+ cations were
under the limit of detection of the instrument, suggesting that the amounts of inserted cations
are very small. In other words, these three cations are hardly included in the structure and the

birnessite structure can only contain protons and water molecules.

The results reported above were obtained on samples electrodeposited with a 10 min
duration, which suggests that the estimated thickness of these films is about 100-150 nm. As
the bottom Pt/Si substrates can still be detected, these films might be too thin. As a
consequence, another series of MnO, films were prepared by 30 min electrodeposition at 0.6
V vs. MSE and they experienced the same post-treatment procedure. Figure V.13 shows the
XRD spectra of these thick films. Clearly, all samples have the birnessite type crystalline
variety. However, the Ca-MnQO, film has the most intense peak, which means that its
crystallinity is the best, while that for Mg-MnO; film is the weakest. Na-MnO, and K-MnO,
films have similar spectra. This agrees with the results obtained on FTO substrate (see Figure
V.5). In this case, all of these films possess the layered birnessite structure and are able to

accommodate cations.

Intensity

10 20 30 40 50 60
20/°

Figure V.13: XRD spectra of MnO, films electrodeposited at 0.6 V vs. MSE for 30 min on a
Si/Pt substrate in the presence of Na', K, Ca*" or Mg2+ cations, and heated at 90°C for 30
min.

The EDS spectra of these films are shown in Figure V.14. After comparison with the

spectra obtained from 10 min electrodeposited samples, the peak intensity of Mn element is
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much stronger in contrast with the Pt signal. In addition, all cations were detected in the
corresponding samples, indicating that the cations were successfully inserted in the films and

could contribute to the formation of birnessite-type crystallinity.
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Figure V.14: EDS spectra of MnO, films electrodeposited at 0.6 V vs. MSE for 30 min on
Si/Pt substrate with the presence a) Na', b) K, ¢) Ca’" and d) Mg2+ cations, and heated at
90°C for 30 min.

The ratio of each element was calculated by the peak intensity using only the peaks of
Mn, O and inserted cation. The results are shown in Table 5.1. From the atomic content of
cations, K” has the highest percentage, followed by Mg*" and Ca®*, while Na" has the lowest
content. The ratio of cations and Mn atom was also calculated. The value for all samples
ranges from 8.67 % to 12.83 %, which is lower than the expected value for typical birnessite
composition. It should be mentioned that for Ca’*" and Mg2+, the common valence state is +2,
while that for Na” and K™ is +1. As a consequence, the existence of one Ca or Mg cation
could provide 2 positive charges while Na or K only provide one but this trend is not

observed in the EDS analysis.
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Table V.1: Element content of MnO, films deposited with different cations

Na-MnO, K-MnO, Ca-MnO, Mg-MnO,

Element  Norm.C Atom.C Norm.C Atom.C Norm.C Atom.C Norm.C Atom.C
[Wt%] [at%] [wt%] [at%] [wt%] [at%] [wt%] [at%]

Mn 5779 2882 5409 2681 5325 2588  56.60  27.98
0 40.11  68.68 4097  69.75 4288  71.55 4055  68.84
Na 2.10 2.5

K 494 344

Ca 386 257

Mg 284 3.8

Cat./Mn 3.63 8.67 9.13 12.83 7.25 9.93 5.02 11.36

Ave. Mn

+4.68 +5.07 +5.33 +4.69
state

Generally, the valence state of O atom is -2, thus the average oxidation state of Mn

could be calculated by following formula:

n(0) x V(0) — n(cation) x V(cation)
n(Mn)

V(Mn) = (V.1)

where n means the number of atoms, V means the oxidation state. The absolute values are 2
for O, 1 for Na and K, 2 for Ca and Mg. The calculated result is shown in Table V.1. For all
samples, the average oxidation state of Mn is higher than the common value +4. Considering
that O atoms come not only from MnO; but also from water molecules, while H atom cannot

be detected by EDS, thus the contribution of water molecules cannot be eliminated.

As mentioned above, except for Na, the other cations cannot be detected in samples
electrodeposited by 10 min, but in 30 min electrodeposited ones, all cations are detected. The
elemental content of Na-MnQO, samples electrodeposited for different duration was studied, as
shown in Table V.2. The Na to Mn atom ratio of samples electrodeposited for 10 min and 20
min are similar, with values close to 20 %, suggesting large amount of Na ions are inserted
into the structure. However, this ratio for 30 min electrodeposited sample decreases to 8.67 %,

indicating a low cation concentration in the structure. On the other hand, if we estimate the
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average oxidation state of Mn by using formula V.1, the values increase with
electrodeposition time. It is clear that this change is mainly caused by the increase of O atom
ratio and the corresponding decrease of Mn atom ratio. This is hardly ascribed to the
oxidation valence state change of Mn atoms. As mentioned above, the existence of water
molecule cannot be detected by EDS, thus abnormal amount of O atom could be caused by
the water molecules contained in the structure. As the electrodeposition time increases, films
becomes thicker and thicker, thus more interlayer spaces and empty spaces are generated,
which could accommodate more water molecules into the structure, leading to the high O
atom ratio. On the other hand, thick films may also hinder the removal of water molecules
during heat treatment, thus more water molecules will remain in the structure, leading to the

high ratio of O atoms.

Table V.2: Element content of MnO, films electrodeposited with the presence of Na” using
different electrodeposition durations

10 min 20 min 30 min

Element  Norm.C Atom.C Norm.C Atom.C Norm.C  Atom.C
[Wt%]  [at%]  [wt%]  [at%]  [wt%]  [at.%]

Mn 6081 3201 5770 2921 5779 28382
0 3399 6145  37.10 6450 4011  68.68
Na 52 6.54 5.20 6.29 2.10 2.50

Cat/Mn 855 2043 901 2153  3.63 8.67

Avsfétlg’[“ 3.635 42 4.68

V.6 Discussion

Based on the results reported above, an electrodeposition step for 10 min can
hardly allow insertion of cations into the film structure except for Na'. Considering that the
OER test in chapter V.2 was carried out on samples electrodeposited for 10 min on FTO
substrate, the influence of cation insertion would be limited. On the contrary, although no K,
Ca or Mg element signals were detected, the films still possess the birnessite structure. In this

case, the inserted cations should be protons rather than the targeted ones. Even in Na®
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containing films, existence of H™ is very likely, but because of the lack of detection

techniques, this hypothesis cannot be confirmed.

On the other hand, all cations were detected on samples electrodeposited for 30 min,
which are all very thick films. Again, birnessite structure was confirmed by the XRD spectra.
Considering the results obtained from samples electrodeposited for 10 min, it is hard to say
what the influence of those cations on the structure is. They may act as inserted cations to
balance the total charge of the film and play a role in the structure, or they may just stay in

the inter-laminar space independently.

Moreover, these cations indeed have an influence on the birnessite crystallinity of the
electrodeposited MnO, films, while their influence on the amorphous structure is limited.
From the OER tests, the electrocatalytic activities of those birnessite-type MnO; films are
substantially different. However, after heating at 300 °C, all films show activities identical
with those of amorphous structures as well as similar topographies. Based on this, it is highly
possible that it is the inserted water molecules rather than cations that contribute mostly to the
birnessite structure and the heating procedure removes them thus leading to identical

structures and morphologies.

As a conclusion, the presence of cations in the electrodeposition solution will affect
the amount of inserted water molecules, and thus change the crystallinity of the
electrodeposited MnO, films. Heating at 300 °C could remove the water molecules inside the
film structure, and thus make the film structures and morphologies identical, which leads to a

similar electrocatalytic activity for these MnO, films.
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Conclusions

From the results reported in this manuscript, the following conclusions can be

underlined:

The electrochemical oxidation mechanism of Mn®" cations leading to the
electrodeposition of MnO, films is a multistep reaction. The chemical composition of the
electrodeposition solution greatly affects the electrodeposition process of MnO, films. Their
growth is faster in a neutral aqueous electrolytic Na,SOy4 solution than in an acidic H,SO4
solution. Using less concentrated MnSO, aqueous solutions favors the formation of
mechanically stable (i.e. strongly adherent) and homogeneous MnO, films possessing a

birnessite-type crystallinity.

The electrode material also has a great influence on the electrocatalytic activity of the
electrodeposited MnQO, films towards OER, while its influence on the crystallinity and
morphology of electrodeposited MnO, films is limited. By comparison with an ITO electrode,
a FTO electrode is a much better electrode material, which could dramatically promote the
electrocatalytic activity of the electrodeposited MnO, films for oxygen evolution reaction.
This is ascribed partly to the initial higher electrochemical activity of the FTO material itself
and to the better adherence of the MnO, films. Homemade a-CNx thin layer electrodes were
used successfully as substrates for the electrodeposition of MnO, films but the
electrocatalytic activity of the electrodeposited films towards OER requires further

optimization efforts.

The electrodeposition potential used during chronoamperometry experiments is a key
parameter for the properties of the electrodeposited MnO; films, as a consequence of the
different nucleation and growth mechanisms of MnQO, thin films. For a low electrodeposition
potential, layered MnO; structure is formed and it finally leads to the birnessite type
crystalline variety. At a high electrodeposition potential region, the electrode material acts as
a template and the growing MnO, structures tend to form a core-shell structure on each
substrate grain, which leads to a film made of separated MnO; columns. This latter film is
expected to be more mechanically stable, which is beneficial for the electrocatalytic activity

of the MnQO, films towards OER.
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A heat treatment has a huge promotion effect on the electrocatalytic activity of
birnessite-type MnQO, films, and it is also effective for the amorphous MnO, films. A phase
transition happens from 500 °C. Below this temperature, no obvious morphology change can
be observed while above this temperature, the morphology changes dramatically but still
depends on the initial structure. Heating at 500 °C has the best promotion effect on the
electrocatalytic activity of MnQO,; films towards OER. Also, it was found that heat treatment
can enhance the mechanical and electrochemical stability of MnO; films. This promotion
effect can be due to a dehydration process occurring during the heat procedure, which
removes the water molecules from the structure and modify the oxidation state of Mn atoms
in the film, making reactive sites more electrocatalytically active and maybe also more
numerous. Further investigations are required to confirm the mechanism of the heating

process.

The influence of cation insertion in MnO, films during the electrodeposition process
is real but limited in our experimental conditions. For birnessite-type MnQO, films, inserted
cations are able to affect the film crystallinity, possibly by changing the dispersion of water
molecules in the structure. After heat treatment, the structural differences disappear, and the
electrocatalytical activities of the MnQO, films are similar, whatever the cations inserted

during the electrodeposition phase were.

Finally, birnessite type and amorphous MnO; films appear to be promising candidates
as catalysts for photoelectrochemical water splitting as they are able to generate considerable
photocurrents under solar light illumination. In this purpose, thick and amorphous films with

proper heat treatment are supposed to produce the best performances.
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Appendix

A.1 Calibration of reference electrode

The reference electrode plays an important role in electrochemistry as the applied
potential values systematically refer to it in a three-electrode cell. The potential of the
reference electrode might vary due to a change of the expected composition of the inside
electrolyte solution or to a chemical contamination. Thus, the potential value of a reference

electrode needs to be checked regularly after a time of use.

In order to measure the potential value of each reference electrode, cyclic
voltammetry experiments were carried out in a three-electrode cell containing an electrolytic
aqueous solution in the presence of the well-known K4Fe(CN)¢/KsFe(CN)s redox couple

using different reference electrodes. Typical CV curves are shown below.
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Figure A.1: Cyclic voltammograms dedicated to potential measurement of reference
electrodes. Electrolytic solution: K4Fe(CN)s/K3Fe(CN)g (2 mM), KNOs (0.1 M). Scan rate:
100 mV/s. Deaerated by N> for 30 min before each test.

From the figure shown above, all of the CV curves have the same shape no matter
which reference electrode is used. The peak potential values measured on this Figure are
listed in Table A.1. According to this table, the potentials of these two reference electrodes
have slightly shifted in those two tests, but the shifts are very small. The average peak
potential values were used to calculate the potential difference between two different

reference electrodes and the result is shown in Table A.2.
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Here, the new purchased commercial SCE electrode was used as a standard. Its
theoretical potential value is 0.244 V vs. NHE. The calculated potential difference is -0.396 V
for MSE vs. SCE and 0.051 V for MOE vs. SCE. Thus, the potential difference versus NHE
is 0.640 V for MSE and 0.193 V for MOE.

Table A.1: Peak potential in CV curves / V

Reference Peak potential Peak potential Peak potential

electrode / V vs. MSE /V vs. SCE / V vs. MOE

anodic cathodic anodic cathodic anodic  cathodic

Test 1 -0.251 -0.149 0.140 0.252 0.195 0.300
Test 2 -0.249 -0.155 0.148 0.238 0.199 0.287
difference 0.002 -0.006 0.008 -0.014 0.004 -0.013

Average -0.250 -0.152 0.144 -0.245 0.197 0.294

Table A.2: Potential difference between reference electrodes / V

Potential difference Anodic  Cathodic  Average Potential vs. NHE

SSE vs. SCE -0.394 -0.397 -0.396 0.640

MOE vs. SCE 0.053 0.049 0.051 0.193

For a given electrolyte, the reaction potential verses NHE can be calculated according

to the pH of the electrolyte using the following equation:
ENHE = Emeasure + ERef + 005916pH

For the OER test, the measured pH of 0.1 M NaOH electrolyte is 12.5, thus the

potential versus NHE can be calculated by:

Enng = Emeasure + 0.193 + 0.05916x12.5 = E,pqsure + 0.9325

A.2 Calibration of solar simulator
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The light intensity is a key parameter for solar water splitting. Usually, an artificial
light identical to the intensity of natural sunlight (about 100 mW/cm?) is used for such
experiments. The simulated solar light used in this thesis is provided by a xenon lamp, and
then conducted through an optical fiber to the surface of MnO, samples. Thus, a calibration

procedure is needed to make the results convincing and reproducible.

The output of the solar simulator was set to be 15 A with the 300 W xenon lamp in
order to get stable and safe solar light. The influence factor includes the distance from the
sample surface to the output of the optical fiber and the aperture size. The influence of the
distance from the light source to the radiometer on the delivered light intensity is shown
below, and clearly, the relation between the light intensity and the distance is linear, and can
therefore be modeled using the formula that is shown inside the figure. According to the
result, a distance of 26.2 cm will provide the correct position to deliver light intensity of one

sun on the sample.
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Figure A.2: Test of the distance between the light source and the radiometer.

In order to confirm the optimized distance, the light illuminated the radiometer from
vertical and horizontal directions respectively, and the result is shown on Figure A.3.
Obviously, no matter which direction was chosen, the optimized distance leading to one sun

light intensity is around 26.2 cm, which is consistent with the result given above.
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Figure A.3: Light intensity variation as a function of the distance between the light source
and the radiometer from two directions.

In addition, changing the aperture size is another way to adjust the intensity of the

simulated solar light. The result of the test is shown below. Either the light intensity or the

distance was fixed. Clearly, the distance and the aperture size both have a linear correlation

when the light intensity is fixed to 1 sun. However, when the distance is fixed, the light

intensity is saturated at the aperture position 4.0 cm (here the position means the distance of

the knob to the original point where the aperture is totally closed.), thus the full aperture will

always provide the most intense light at given output parameters. It is also noteworthy that

with 10 cm distance, the full light intensity could reach about 500 mW/cm?, which is nearly 5

times the power of natural solar light. Thus, shortening the distance between the light source

and the sample surface provides a practical method to obtain solar water splitting activity

under high-energy light illumination.
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Figure A.4: Intensity test for different aperture positions.
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Since the simulated light illuminates through a transparent quartz disc, there might be
some attenuation due to the absorbance and reflection of the quartz. To evaluate the influence,
the light intensity measurement with and without quartz disc was carried out and the result is
listed in Table A.3. In average, about 6 % of attenuation appears after the light crosses the
quartz disc, thus the distance in Figure A.3 should be corrected to 25.1 cm in order to get

one-sun light intensity.

Table A.3: The influence of quartz window

Light intensity Light intensity ) Decrease percentage
' . difference
without quartz with quartz /%
105.5 99.2 6.3 5.971564
109 102.5 6.5 5.963303
115.3 108.6 6.7 5.810928
108 102 6 5.555556
104 97.8 6.2 5.961538
100 94.4 5.6 5.6
26 -
solar intensity: ~ 100 mW/cm™ (~ 1 sun)
25 B measured temperature
— = Linear fitting
- |
O - -
= 2+ s sl i M B
- ==
23 1 slope: 0.01 °C/min
22
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4 T
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t/ min
Figure A.5: Heating effect test under light illumination

Moreover, the temperature is also an important factor for the electrocatalytic
performances of materials. The heating effect should also be considered when using 1 sun
light illumination. In this sense, the temperature change under light illumination was
evaluated. As shown in Figure AS, the temperature of the electrolyte increases a bit under
lightening, while the change is only 0.01 °C/min, which is a really small value. Considering
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that the solar water splitting tests were carried out with a duration shorter than 30 min, the
heat effect should not be considered as an explanation for electrocatalytic activity changes

observed under light illumination.
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ABSTRACT: The basic electrodeposition mechanism of MnO, films was studied first on
bulk Pt electrodes in various aqueous. It was revealed that MnO, electrodeposition is a multi-
step reaction that is sensitive to pH and ionic strength. Chronoamperometry coupled to low
concentration neutral aqueous solutions favors the electrodeposition of stable MnO, films.
FTO was found to be a better substrate than ITO, because it has a higher electrochemical
activity and could enhance the mechanical stability of electrodeposited MnQO; films.
Moreover, the potential used for electrodeposition has great influence on both the structure
and the morphology of MnO; films. Amorphous MnO, films obtained at high potential
possess higher electrocatalytic activity and stability than the birnessite-type MnQO, variety.
The heat treatment can greatly enhance the electrocatalytic activity and mechanical stability.
A phase transition of MnO, films appears at 500 °C. The morphology changes dramatically
after heating above this temperature. Samples heated at 500 °C are found to have the best
electrocatalytic activity towards OER. Na®, K, Ca*" and Mg®" cations were found to be
inserted in small amounts into the structure of MnO; films during the electrodeposition
procedure but they influence the structure and morphology of the films. Finally, birnessite
type and amorphous MnO, films appear to be promising candidates as catalysts for
photoelectrochemical water splitting, as they are able to generate considerable photocurrents
under solar light illumination. In this purpose, thick and amorphous films with 500 °C heat
treatment are supposed to produce the best performances.

Keywords: electrodeposition, MnO, thin films, PhotoElectroChemical Water Splitting,
Oxygen Evolution Reaction, heat treatment, cation insertion

RESUME: Le mécanisme ¢lémentaire de 1’¢lectrodépdt de films de MnO, fiit étudié sur des
¢lectrodes de Pt massif dans des électrolytes aqueux. Il se révéle étre une réaction multi-
¢tapes sensible au pH et a la force ionique. La chronoampérométrie couplée a des électrolytes
neutres peu concentrés favorise 1’électrodépot de films stables de MnO,. Le FTO est un
meilleur substrat que I’ITO parce qu’il présente une activité électrochimique plus élevée et
favorise la stabilit¢ mécanique de films électrodéposés de MnO,. De plus, le potentiel
d’¢lectrodépot influence a la fois la structure et la morphologie des films de MnO,. Les films
amorphes de MnO, obtenus a potentiel ¢levé possedent une activité €lectrocatalytique et une
stabilité plus élevées que la birnessite. Un traitement thermique peut améliorer amplement
leur activité électrocatalytique et leur stabilit¢é mécanique. Une transition de phase des films
de MnQO, apparait a 500 °C. Leur morphologie change de fagon dramatique apres chauffage
au-dela de cette température. Les échantillons chauffés a 500 °C ont la meilleure activité
électrocatalytique pour I’OER. Les cations Na*, K*, Ca*" and Mg*" sont insérés en petites
quantités dans la structure des films de MnO; au cours de la démarche d’électrodépdt, mais ils
influencent néanmoins la structure et la morphologie des films. Finalement, les films de
birnessite ou amorphes apparaissent comme des candidats prometteurs en tant que catalyseurs
pour la dissociation photoélectrochimique de la dissociation de 1’eau, puisqu’ils génerent des
photocourants considérables sous lumiére solaire. Pour cela, des films de MnO, épais,
amorphes et recuits a 500 °C produisent les meilleures performances.

Mots-clés: électrodépot, couches minces de MnO,, dissociation photoélectrochimique de
I’eau, réaction de production de I’oxygene, traitement thermique, insertion de cations





