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Abstract

In this thesis, transition metal oxynitrides, possessing unique physico-chemical properties, are
explored as candidates for applications in energy storage devices. More specifically, their
electrochemical performance in supercapacitors is evaluated and their electrocatalytic activity
towards oxygen reduction reaction is tested. In order to better understand their performance, a

number of gaps in the knowledge are addressed.

For electrode materials in supercapacitors, understanding the charge storage mechanism is of
great importance, as it enables improvement of their performance. For some nitrides and
oxynitrides, however, the mechanism remains unclear. In this work, tungsten oxynitride
Wo.75(N,O) is synthesised, extensively characterised and electrochemically tested in a range
of electrolytes. The influence of the electrolyte on the electrochemical properties is discussed

and the possible charge storage mechanism is explored.

In addition to monometallic nitrides and oxynitrides, synthesis of the bimetallic compounds,
with superior physico-chemical properties, has been reported in the field of catalysis. In
supercapacitors, however, bimetallic oxynitrides remain almost unexplored as active
electrode materials. In this thesis, bimetallic molybdenum tungsten oxynitride MoW(N,O) is
produced and its electrochemical properties are evaluated. Additionally, electrochemical
impedance spectroscopy measurements are performed in order to compare the performance

of the bimetallic compounds and the monometallic oxynitrides.

Furthermore, it has previously been reported that a number of transition metal nitrides and
oxynitrides have the ability to form an oxide layer on their surface, and properties of this
layer are changing with time, the process also known as ageing. The influence of the ageing
on the electrochemical performance of these compounds in supercapacitors has, however,
never been studied. In this work, the synthesised W(N,O) and Mo(N,O) undergo a controlled
ageing process by exposing the samples to the ambient air for different periods, and their
electrochemical properties are compared. Additionally, the role of the passivation in the

ageing process is studied.



Finally, many transition metal nitrides and oxynitrides demonstrate good electrocatalytic
activities towards oxygen reduction reaction. In this work, electrocatalytic activities of
Mo(N,0), V(N,0) and W(N,O) are compared and the oxygen reduction mechanism of
Mo(N,O) is studied in detail.
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Chapter 1. Introduction and literature

review

1.1 Background

Today, technological progress is driven by the availability, performance and cost
of power sources. The development of cheap and reliable energy storage systems
therefore becomes of critical importance for new application areas. In the
consumer electronics sector, for instance, the miniaturisation of portable
electronic devices such as mobile phones, computers or music players, needs safe
and efficient power sources with low weight and volume [1]. In residential
applications, the growing use of variable and intermittent output of renewable
power sources such as solar cells requires energy storage technologies for
satisfying the peak demand for both stand-alone and grid-connected systems [1-
4]. Additionally, safe and reliable energy storage systems, with long operating

lives are necessary for hybrid and electric vehicles [3, 5].

A number of energy storage technologies exist today: they include mechanical
energy storage technologies such as flywheels, compressed air or pumped hydro
storage technologies, thermal energy storage, and electrochemical energy storage
systems such as batteries, supercapacitors or fuel cells [1, 6]. Among these
technologies, electrochemical energy storage systems offer the greatest flexibility
in size and design, combined with high efficiency and low maintenance [1, 4].
Therefore, they are promising candidates for use in a wide range of areas, from
portable electronics such as mobile phones and computers, to large scale
applications including the storage of energy generated by solar cells or wind

turbines for residential and industrial applications [1, 4].



Among electrochemical energy storage devices, lithium-ion (Li-ion) batteries
have attracted attention in recent years due to their advantages over other types of
rechargeable batteries such as higher energy density and lower self-discharge rate
[3, 4]. One of the key parameters determining the energy density of
electrochemical cells is the voltage, i.e. the difference in the electric potential
between its terminals [1, 7]. Due to the fact that lithium has a low redox potential
versus a standard hydrogen electrode, Li-based electrochemical systems have
demonstrated promising energy storage performances [4, 8]. Additionally, lithium
is the lightest metal and the small ionic radius of Li" facilitates its diffusion in
solids [8]. However, one of the disadvantages of lithium-ion batteries lies in the
fact that they do not possess high rate capabilities and therefore are not able to
operate in conditions where power is required in the pulse form such as load
levelling or power backup systems [4, 9]. Another disadvantage of lithium-ion
batteries resides in the fact that they will not satisfy future needs for applications
in the transportation sector in terms of energy density. It is expected that electric
cars with future lithium-ion batteries will be able to be driven for 500 miles (805
km) on a single charge. The weight of their battery pack, however, will exceed

500 kg [10].

In order to satisfy these requirements of high power or energy densities,
alternative energy storage systems are being developed. For high-power
applications, supercapacitors, possessing higher power densities than lithium-ion
batteries, are currently investigated and are often used complementarily with
batteries [11]. Another type of power sources being actively studied is lithium-air
batteries, with energy densities 5-10 times higher than that of current Li-ion

batteries [10, 12].

The price, weight and performance of these new electrochemical energy storage
devices are mainly dependant on their active electrode materials. In
supercapacitors, for instance, the choice of materials affects several operational
characteristics including the power and energy densities, cyclic stability and the
price [13]. Similarly, in lithium-air batteries, the performance of the air electrode
containing the electrocatalyst for the oxygen reduction reaction affects the cost,

the overall efficiency of the device, the charge/discharge rate, the capacity



retention as well as the cycling life [14-16]. Additionally, many active electrode
materials used in energy storage systems today are toxic or hazardous. Efforts are

therefore directed towards developing safer and better performing compounds.

Nitrides and oxynitrides of transition metals from groups 4-6 are a class of
materials possessing a unique set of physico-chemical characteristics including a
high conductivity, hardness, mechanical stability, resistance to corrosion and a
catalytic activity [17]. Due to their versatile properties, these compounds have
been extensively used in past years for a number of applications including
integrated circuits, coatings and catalysis [18-20]. Recently, however, nitrides and
oxynitrides of transition metals have been studied as active electrode materials in
the energy conversion and storage devices including dye-sensitised solar cells,

lithium-ion batteries, metal-air batteries and supercapacitors [21].

Among these applications, transition metal nitrides have demonstrated particularly
promising electrochemical properties in supercapacitors and have achieved, on
one side, attractive specific capacitance values due to the pseudocapacitive charge
storage mechanism, and, on another side, high rate capabilities due to their good
intrinsic conductivities [22, 23]. Additionally, these materials have shown a Pt-
like electrolytic activity as electrocatalysts for oxygen reduction reaction (ORR)
in lithium-air batteries [21]. These new uses of transition metal nitrides and
oxynitrides still require better understanding of their electrochemical and
electrocatalytic properties. The work presented in this thesis will therefore be
focused on the applications of these compounds in supercapacitors and as

electrocatalysts for oxygen reduction reaction, and several gaps in the knowledge

will be addressed.



1.2 Thesis objectives

Due to their unique physico-chemical properties, nitrides and oxynitrides of
transition metals are actively investigated today as candidates for use in the
electrodes of supercapacitors and as electrocatalysts for the oxygen reduction
reaction. These new areas of application require a more detailed investigation of
these compounds in order to achieve a better understanding of their
electrochemical and electrocatalytic mechanisms, as several aspects of their
performance have not been covered in the literature. The work presented in this

thesis is focused on some of these issues.

In supercapacitors, the understanding of the charge storage mechanism enables
optimisation of the material in order to improve its performance. For example, the
identification of active species participating in the charge storage processes on the
surface could help to maximise the performance of electrode materials by
adapting their surface composition, for instance, by oxidation. For some transition
metal nitrides and oxynitrides, however, the charge storage mechanism is not
clear. Additionally, in supercapacitors, only monometallic nitrides and oxynitrides
have been studied, almost exclusively, as active electrode materials, while
bimetallic nitrides and oxynitrides have not been characterised. Furthermore, it
has previously been observed that properties of transition metal nitrides and
oxynitrides are evolving with time; in fact, these compounds have the ability to
form an oxide layer on the surface, and properties of this oxide layer are changing
upon storage of the compounds in the ambient air (ageing). The influence of
ageing on the electrochemical properties of transition metal nitrides and
oxynitrides in supercapacitors has, however, never been explored. Finally,
although a number of transition metal nitrides and oxynitrides have demonstrated
a Pt-like electrocatalytic behaviour, many compounds have not been extensively
studied. The detailed literature review highlighting these gaps in the knowledge is
presented in the following section. This thesis is mainly focused on molybdenum,
tungsten and vanadium oxynitrides, which exhibit unique physico-chemical
characteristics, typical for a number of nitrides and oxynitrides of transition

metals from groups 4-6.



In summary, this research work aims to:

Explore the possible charge storage mechanism for tungsten nitrides and
oxynitrides in supercapacitors

Evaluate the influence of the addition of the second metal in the crystal lattice of
oxynitrides on their electrochemical properties

Establish the influence of the ageing of nitrides and oxynitrides in the ambient air
on their electrochemical performance and discuss the implications of ageing on
the synthesis and storage procedures of these compounds

Characterise the electrocatalytic activity of molybdenum oxynitride towards

oxygen reduction reaction



1.3 Review of related literature

1.3.1 Physico-chemical properties and applications of transition metal

nitrides and oxynitrides

Transition metal nitrides of groups 4-6 are also called interstitial nitrides or
interstitial alloys, as non-metal atoms are located in the interstices between the
metal atoms due to the small atomic radius of nitrogen, which can fit into the
lattices of these transition metals [24, 25]. High electrical and thermal
conductivities of transition metal nitrides of groups 4-6 are attributed to the
predominantly metallic bonding, with contributions of ionic and covalent
components [17, 24]. The good catalytic activities of these compounds, which are
comparable to platinum, could be explained by the electron transfer from the non-
metals to transition metals, as well as by the expansion of the metal lattice,
resulting in the contraction of the d-band [25]. Another important characteristic of
this group of materials is their ability to form a range of non-stoichiometric phases
[17]. Additionally, oxygen is often present in the crystal lattice, leading to the
formation of oxynitrides [25]. The difference between the nitrides and oxynitrides,
as well as between several non-stoichiometric phases is not visible on the X-ray
diffraction patterns, making it difficult to distinguish between these compounds

[17].

Due to their versatile properties, transition metal nitrides and oxynitrides attracted
attention in recent years as candidates for application in energy conversion and
storage devices. In lithium-ion batteries, thin films of vanadium nitride [26] and
chromium nitride [27] have demonstrated reversible capacities of approximately
800 [26] and 1200 mAh g'1[27], respectively, as anode materials. Furthermore,
thin films of CosN [28], FesN [28], Mn3N; [29], RuN [30] and V,ON [31] have
reached reversible capacities between approximately 300 and 900 mAh g'. In
addition to thin films, nanostructured transition metal nitrides such as CrN [32],
CoN [33] and (Nip33Co067)N [34] nanoparticles, as well as CoN nanoflakes [35]
have demonstrated capacity values between 400 and 990 mAh g™'. It has been

reported that the main mechanism responsible for the -electrochemical

10



performance of these compounds as anode materials is a partial or complete
conversion reaction with lithium [21]. In addition to applications in lithium-ion
batteries, compounds including vanadium nitride [22, 36-39], tungsten nitride [40,
41], molybdenum nitride [36, 42-44] and titanium nitride [45, 46], as well as
titanium and vanadium oxynitrides [47] have also been investigated as active
electrode materials for supercapacitors and have shown typical capacitance values
between 30 and 350 F g'. These compounds have predominantly demonstrated
good rate capabilities due to their high intrinsic conductivities. Furthermore,
nearly ideal rectangular shapes of cyclic voltammetry curves have typically been

observed for a number of these materials.

Additionally, the electrocatalytic properties of transition metal nitrides and
oxynitrides enable their application as counter-electrodes in dye-sensitised solar
cells (DSSCs) and as electrocatalysts for oxygen reduction reaction (ORR) [21].
More specifically, DSSCs using nitrides of iron [48], vanadium [48, 49],
molybdenum [48, 50] and tungsten [48, 50] as counter-electrodes for the
reduction of triiodide ions, have reached up to 92 % of the photovoltaic
performance of DSSCs using Pt as counter-electrodes [48-50]. Furthermore,
nitrides and oxynitrides including TiN [51, 52], molybdenum nitrides MoN [53,
54] and Mo,N [54, 55], as well as zirconium [56] and tantalum [57] oxynitrides
have demonstrated good electrocatalytic activity for oxygen reduction reaction.

For many of these compounds, a four-electron ORR pathway has been reported.

The work in this thesis is focused on the electrochemical performance of
transition metal nitrides and oxynitrides in supercapacitors and on their
electrocatalytic performance as catalysts for oxygen reduction reaction. Sections
1.3.2 and 1.3.3 below present a detailed review of the related literature on the
applications of these compounds as active materials in supercapacitors, and as

electrocatalysts for ORR, respectively.

11



1.3.2 Transition metal nitrides and oxynitrides as candidates for

applications in supercapacitors

Supercapacitors are energy storage devices possessing higher power densities than
batteries, and therefore can be discharged at higher currents [58]. This
characteristic enables their application, often complementarily to batteries, in
industrial, residential or automotive areas, where energy is required in a pulse
form, typically for a time range between 10 and 10* seconds [11, 59]. In hybrid
electric vehicles, for instance, supercapacitors are used to recover braking energy
and for engine starting [11], while in cellular phones, supercapacitors could
deliver pulse power and therefore help to increase the lifetime of batteries [59].
Another example of high-power applications of these charge storage devices is
smart grids, which require power quality control and load smoothing [11]. In
addition to higher power densities, supercapacitors often possess longer cycling
life than batteries. This is due to the fact that their charge storage mechanism only
involves the surface or sub-surface layers of the active materials and not the bulk,
as it is the case with batteries, and therefore no significant phase or composition

changes of the electrode materials occur [11, 58, 60].

Most of the supercapacitors available on the market today are electrochemical
double-layer capacitors (EDLCs). Their electrodes are composed of carbon-based
active materials, which store the charge at the electrode/electrolyte interface as an
electrical double layer (EDL), which forms due to the separation of ion and
electron charges [59, 60]. However, despite high power densities and good cyclic
stability, the amount of energy stored in a double-layer is limited, and the specific
capacitance values of EDLCs are typically between 20 and 50 uF cm™ [61, 62].
This limitation introduces challenges in the new application areas of
supercapacitors, particularly in the automotive sector where the weight and size of
the power source is of significant importance [59]. Efforts are therefore directed

towards developing active electrode materials with higher capacitance values.

One type of materials actively investigated today and possessing higher specific
capacitance values when compared to carbon-based materials are transition metal

oxides, which are able to store the charge through Faradaic reactions, in addition

12



to the electric double-layer [58, 61, 63-65]. This type of charge storage
mechanism, also known as pseudocapacitance, involves a charge transfer across
the electrode/electrolyte interface [58, 61] and the specific capacitance values per
unit of electrode area, associated with pseudocapacitive processes, are typically
orders of magnitude higher when compare to EDL, due to the superior energy
densities associated with Faradaic processes [58, 66-68]. Among transition metal
oxides, amorphous hydrous ruthenium oxide (RuO, - xH,0O) is a benchmark
material possessing a pseudocapacitive charge storage mechanism with specific
capacitance values exceeding 700 F g (>1000 puF cm™) [67, 69]. However, the
high cost of ruthenium prevents the wide use of this material. Manganese oxide
(MnO,) is considered as a cheaper and less toxic alternative to ruthenium oxide
with reported specific capacitance values of above 350 F g [70-79]. MnO, has
been extensively studied and its charge storage mechanism has been investigated.
Manganese oxide exists in a wide range of crystalline structures or degrees of
crystallinity, and two principal pseudocapacitive charge storage mechanisms have
been identified, depending on the crystalline form and the type of ions present in
the electrolyte [72-74, 76, 78-83]. One of these mechanisms is reversible
adsorption of ions or protons on the surface [71, 79], and it has been reported that
this process is predominantly characteristic of poorly crystalline forms of MnO,
[80]. Another charge storage mechanism is ion or proton intercalation into the
lattice, mainly reported for crystalline phases of manganese oxides, and the
specific capacitance, in this case, is dependent on the crystal structure [75-77, 80-

821.

However, despite promising capacitive properties, many transition metal oxides
suffer from poor intrinsic conductivity, which results in the low rate capability.
Efforts have been made to resolve this issue, as the rate capability, and therefore
the ability to work with high currents, is a very important characteristic of
supercapacitors. One of the methods to improve the rate capability of transition
metal oxides involves the production of composites with carbon-based materials
[84]. However, despite improved rate capabilities, these composites suffer from
lower energy densities. Another strategy consists of the use of transition metal
oxides in the form of thin films [85]. The drawback of this method is the low

content of the active materials. Efforts are therefore directed towards developing a
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material for supercapacitors which possesses both a pseudocapacitive charge
storage mechanism with high specific capacitance values, and a high intrinsic

conductivity.

In recent years, several transition metal nitrides and oxynitrides have become
promising candidates for applications in supercapacitors due to their high surface
areas, good intrinsic conductivities and resistance to corrosion [21]. One of the
most important performance parameters of supercapacitors is the rate capability,
which can be defined as the ability to maintain the charge storage characteristics
at high charge or discharge currents. Transition metal nitrides and oxynitrides, due
to their good conductivities, have shown promising performance at high currents.
For instance, vanadium nitride (VN), with typical maximum specific capacitance
values between 161 and 273 F g'1 [22, 36-38], has demonstrated 79 % of the
initial capacitance retention upon 20-fold increase of the current load from 0.05 to
1 A g'in IM H,SO, and 84 % in 3M NaCl electrolytes, respectively [22].
Additionally, TiN-VN core-shell fibres, showing the specific capacitance of 262 F
1

g in 1M KOH electrolyte at 2 A g, have retained approximately 64 % of this
value at 10 A g [23].

Furthermore, in addition to high rate capabilities, transition metal nitrides and
oxynitrides often possess a symmetric, nearly rectangular shape of cyclic
voltammograms, as well as triangular galvanostatic charge and discharge curves,
demonstrating an almost ideal capacitive behaviour [22, 36, 40, 42, 44]. Examples
of compounds possessing rectangular CV curves include W;N [40] or TiN [46] in
KOH solution, as well as y-Mo,N in H,SOy4 electrolyte [36, 42]. The shape of the
cyclic voltammograms of transition metal nitrides and oxynitrides is, however,
affected by the electrolyte used. Vanadium nitrides, for instance, shows several
redox peaks on the surface of cyclic voltammograms in KOH solution [22, 37,
39], while a more rectangular shape of the CV curves is observed in the neutral

NacCl aqueous electrolyte [22].

Additionally, good cyclic stabilities have been reported for some transition metal
nitrided and oxynitrides. For instance, VN has demonstrated less than 10 % of the

initial capacitance loss after 1000 CV cycles in 1M KOH electrolyte at the scan
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rate of 50 mV s [39], while y-Mo,N retained 94.9 % of the initial capacitance
after 6000 cycles in 1M H,SO4 and 94.7% in 1M KCl electrolytes, respectively, at
the scan rate of 100 mV s™' [44]. Additionally, tungsten nitrides WN and W,N lost
approximately 20 % and 27 %, respectively, of the initial capacitance values after
500 cycles in 1M KOH electrolyte at the scan rate of 50 mV s [40, 41]. It is,
however, difficult to compare the cycling life of several compounds, as different
scan rates have been used for measuring their cyclic stabilities. It would be useful,
in my view, to investigate the stability of the electrode materials upon the
galvanostatic charging and discharging, in addition to cyclic voltammetry, as an
emulation of the real application. Additionally, the cycling life of transition metal
nitrides and oxynitrides has usually been tested in one electrolyte only, and the

influence of the electrolyte on the stability has not been studied in detail.

Transition metal nitrides and oxynitrides have predominantly demonstrated
pseudocapacitive charge storage mechanisms, in addition to the electrical double-
layer in aqueous electrolytes, characterised by orders of magnitude higher specific
capacitance values per electrode area compared to the EDL [58]. It has been
proposed that the pseudocapacitive charge storage mechanism of VN in 1M KOH
electrolyte, for instance, could be attributed to the presence of vanadium oxides or
oxynitrides on the surface, which interact with OH" ions [39]. Later, Thompson et
al. have reported, using the ion isolation method, that OH™ ions are, in fact, the
active species participating in the charge storage process, while K ions are not
involved [36]. Despite the fact that several transition metal nitrides and
oxynitrides have been studied as electrode materials in supercapacitors, the charge
storage mechanism of some compounds such as, for example, tungsten nitrides
and oxynitrides, is not clear. Similarly to other nitrides, tungsten nitrides have
demonstrated nearly ideal shapes of cyclic voltammetry curves and specific
capacitance values of 100 F g and 30 F g have been reported for W,N and WN,
respectively, in 1M KOH electrolyte [40, 41]. The charge storage mechanism of
these compounds has, however, not been explored in detail. In fact, both authors
proposed that the charge is mainly stored in the electrical double-layer due to the
rectangular shape of the cyclic voltammogram, however, the double layer
mechanism does not correlate with the specific capacitance values per area of ~

200 pF cm™ and ~ 64 uF cm™ for W,N and WN, respectively, which are higher
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than the values associated with a EDL charge storage [40, 41]. Later, Thompson
et al. proposed the existence of a pseudocapacitive charge storage mechanism in
addition to the EDL for tungsten nitride in 1M KOH electrolyte [36]. A more
detailed investigation of the charge storage mechanism of tungsten nitrides and
oxynitrides is therefore needed. Furthermore, these compounds have only been
tested in 1M KOH solution, and no detailed data exist on their performance in

acid and neutral electrolytes.

In addition to monometallic transition metal nitrides and oxynitrides, synthesis of
bimetallic compounds has previously been reported. For instance, in the field of
catalysis, a partial substitution of one transition metal by another in the lattice has
led, as a result, to changes in the physico-chemical properties and therefore
catalytic performances of the materials [86-88]. More specifically, vanadium
molybdenum oxynitride [88] and cobalt molybdenum nitride [86] have shown
higher catalytic performances when compared to the monometallic compounds. In
supercapacitors, however, bimetallic nitrides and oxynitrides have not been
studied in detail, and electrochemical performance of the mixed y-Mo,N and
Co3MosN phase has only been reported [89]. When compared to the pure y-Mo,N,
a higher capacitance of 109.9 F g, an improved cyclic stability, as well as a
better rate capability have been reported for the y-Mo,N and Cos;MosN
“composite material” in 3.5 M H,SOy electrolyte [89]. No data, however, exist on
the electrochemical performance of pure bimetallic compounds in
supercapacitors, and the effect of the second metal addition in the crystal lattice of
transition metal nitrides and oxynitrides on their capacitive properties has not

been explored.

Additionally, transition metal nitrides and oxynitrides have another important
intrinsic property affecting their electrochemical activity. It is known from
previous studies that several nitrides and oxynitrides of transition metals tend to
form oxide layers on the surface at room temperature, and could therefore be
regarded as “core-shell” structures, with a nitride “core” and a thin oxide “shell”
[90-92]. The presence of the oxidised species on the surface of transition metal
nitrides and oxynitrides could be an important factor determining their

pseudocapacitive charge storage properties. In vanadium nitride, for instance, the
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charge storage mechanism has been attributed to the existence of various oxidised
compounds on the surface of VN, which interact with OH™ ions in IM KOH
electrolyte [36, 39]. It has also been reported that the properties of the oxide layer
on the surface of nitrides and oxynitrides are changing with time. This process,
also known as ageing, has been reported for molybdenum and tungsten
oxynitrides. In fact, X-ray photoelectron spectroscopy data have demonstrated an
increase in the amount of WO; on the surface of WN 500g .4 after a storage in the
air at room temperature for 80 days [90]. Additionally, elemental analysis has also
revealed a higher amount of oxygen in molybdenum oxynitride samples stored in
the ambient air [91, 92]. This room temperature oxidation process involves the
surface or sub-surface layers of oxynitrides, as no changes in the X-ray diffraction
patterns could be detected [90-92]. The variation of oxide layer composition with
time on the surface of nitrides or oxynitrides could therefore have an effect on
their capacitive properties, and this influence should be investigated in more
detail. For instance, the effect of the passivation as well as the ageing should be
studied in relation to the electrochemical performance, in order to determine the

optimal preparation and storage conditions for these electrode materials.

Finally, it important to highlight again that although several compound are
described in the literature as “nitrides”, they could, in reality, contain a certain
percentage of oxygen [17]. For example, Brousse et al. [47] have produced a
range of compounds by a temperature-programmed reduction of vanadium oxides
by varying the nitridation time, temperature as well as heating rate, and obtained
products with a varying oxygen content, with oxygen still present at synthesis
temperatures as high as 1000°C [47]. The fact that several compounds are often
denoted as “nitrides” without presenting an elemental analysis, makes it difficult
to perform the comparison between the materials reported in the literature. The
synthesised materials should therefore be investigated in detail in order to assign
the correct phases. For simplicity, the compounds are denoted in this thesis
according their respective descriptions in publications and referred to as “nitrides

and oxynitrides”.

In summary, although transition metal nitrides and oxynitrides possess promising

electrochemical properties in supercapacitors, a number of gaps in the knowledge
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should be addressed in order to gain a better understanding the advantages and
limitations of this class of compounds. First, the charge storage mechanism of
some compounds such as, for instance, tungsten nitrides and oxynitrides, has not
been studied in detail and should therefore be clarified. Additionally, pure
bimetallic nitride and oxynitride compounds have never been investigated as
electrode materials for supercapacitors. Finally, the influence of the ageing, or the
evolution of the oxide layer on the surface of nitrides and oxynitrides with time,
has never been addressed in relation to the capacitive properties of these

compounds.

1.3.3 Applications of transition metal nitrides and oxynitrides as

electrocatalysts for oxygen reduction reaction

The oxygen reduction reaction (ORR) is an important process, which enables
several biological mechanisms such as, for instance, the respiration, to happen
[93]. In energy storage devices, the ORR occurs at the cathode of the metal-air
batteries and regenerative fuel cells, and its mechanism in the aqueous media is
similar between these two systems [10, 14-16, 94]. The ORR in these
electrochemical devices involves the reduction of O, into H,O or H,0O,, depending
on the reaction pathway, and processes via several steps: adsorption of oxygen on
the surface of the electrocatalyst, electron transfer to oxygen from the anode,
breaking of the oxygen bond and finally, desorption of products [14, 93]. This
reaction can proceed via two-electron or four-electron mechanisms, and its
pathways are affected by the type of catalyst, its active sites, crystalline structure,

as well as the electrolyte [12, 15, 16, 93]:
0, + H,0 + 2e™ —» HO; + OH™ (alkaline aqueous media) (1.1)
0, + 2H* + 2e~ - H,0, (acidic aqueous media) (1.2)
0, + 2H,0 + 4e~ - 40H™ (alkaline aqueous media) (1.3)

0, + 4H* + 4e~ - 2 H,0 (acidic aqueous media) (1.4)
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In reality, ORR pathways are more complex and could involve a series “2x2”
electron pathways, where the two-electron reduction is followed by further two-
electron reduction or disproportionation of the peroxide [15, 93]. Additionally, the
combination of both two- and four-electron pathways is also possible [15]. In
order to obtain the maximum efficiency of the charge storage device, as well as to
avoid the corrosion of the electrode material by the peroxide formed, a four-
electron pathway is preferred in fuel cells and metal-air batteries [15, 93]. Since
the ORR mechanism is, to a large extent, dependant on the activity of the
electrocatalyst [14, 15, 95], research is focused on studying ORR pathways for

different materials in order to develop a cheap and efficient catalyst.

The most studied electrocatalysts for ORR are noble metals-based compounds,
such as platinum and its alloys. These generally demonstrate overall four-electron
oxygen reduction mechanisms, and they are considered as benchmark
electrocatalysts [15, 93, 96, 97]. However, despite the good electrocatalytic
performance, the high cost of noble metals prevents their wide application [14,
15]. Efforts have therefore been devoted to develop less costly alternatives to

noble metal-based catalysts.

In this regard, carbon-based materials, characterised by high surface areas and
high conductivities, have been considered as less expensive alternatives to Pt, and
have predominantly demonstrated electrocatalytic activity towards ORR via the
two-electron mechanism [15, 93, 98-100]. The introduction of impurities has,
however, enabled a significant improvement in their electrocatalytic performance
[14, 15, 99, 101-103]. For instance, carbon nanotube-graphene complexes
containing iron and nitrogen impurities have shown a higher ORR activity when
compared to the purified nanostructures, demonstrated by the shift in the onset
potential of ~100 mV and a lower percentage of H,O, generated, thus approaching
the activity of platinum on carbon black (Pt/C) [99]. Furthermore, for nitrogen-
doped carbon nanotubes, the number of transferred electrons of n=3.9 has been
calculated, while only n=1.8 was reported for nitrogen-free carbon nanotubes
[103]. Additionally, the electrocatalytic activity of carbon-based materials varies
depending on their morphology, allotropes, and concentration of the edge planes

[15]. For instance, graphene nanosheets, possessing a large amount of edge sites
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for oxygen adsorption, have shown an improved electrocatalytic performance,
demonstrated by higher discharge capacity as electrode material in Li-air batteries
when compared to other types of carbons in non-aqueous electrolytes [104].
Furthermore, a four-electron ORR mechanism has often been reported for

heteroatom-doped graphene-based materials [105].

Another class of materials actively investigated as catalysts for oxygen reduction
reaction are transition metal compounds, including transition metal oxides
carbides, nitrides, carbonitrides, oxynitrides and chalcogenides [15, 94]. Among
these materials, transition metal oxides have attracted considerable attention.
Manganese oxides, for instance, exist in a variety of phases, including MnO,
MnO,, Mn,03;, Mn3;O4 or MnsOg, and a range of chemical compositions and
crystalline arrangements [106-110]. The electrocatalytic performance of
manganese oxides towards ORR has been extensively studied and it has been
demonstrated that the number of transferred electrons is influenced by numerous
parameters including the phase, crystal structure or morphology, with a number of
compounds demonstrating high activity towards ORR via an overall four-electron
process [15, 106, 107, 109-111]. Other transition metal oxides including Co304
[112-114] or TiO, [115, 116] have shown attractive electrocatalytic activities
towards ORR, and oxygen reduction reaction pathways for these materials have
been dependent on the type of the support, oxidation state or crystalline structure
of the compounds, as well as on the electrolyte [93, 112, 113, 115, 116].
Additionally, La-based perovskites with a general formula LaMO3s (M=Ni, Co, Fe,
Mn and Cr) demonstrated promising electrocatalytic performance [95] and
promoted the oxygen reduction reaction predominantly via the four-electron
pathway [95, 117]. However, despite lower costs when compared to noble metals,
transition metal oxides are generally semiconductors and therefore possess limited
intrinsic conductivities [95]. Furthermore, many of these compounds demonstrate
a poor resistance to corrosion [95]. There is, therefore, a need for an
electrocatalyst that does not only satisfy the price and efficiency criteria but also

possesses a high intrinsic conductivity and good corrosion resistance.

The unique intrinsic properties of transition metal nitrides and oxynitrides

including the electrochemical activity, high conductivity and resistance to

20



corrosion in a range of electrolytes make them promising candidates for
applications as electrocatalysts for ORR in air electrodes [21, 93]. One of the most
studied compounds in this field is titanium nitride [51, 52, 118-120]. In fact, TiN
has been studied as a catalyst for ORR several decades ago in the alkaline
electrolyte, and has shown a significantly higher electrocatalytic performance than
that of pure titanium as well as better resistance to corrosion [51]. More
specifically, TiN has demonstrated a higher onset potential for ORR (0.8 V when
compared to 0.3 V for pure Ti), as well as a twice higher limiting current [51].
The mechanisms of the oxygen reduction reaction and electrocatalytic activities of
transition metal nitrides and oxynitrides are, however, complex, and depend on
several parameters including the morphology or phase. For instance, ORR has
been studied for the nano-sized and micro-sized TiN, and it has been reported that
the nano-sized TiN not only demonstrates a higher catalytic activity but also a
different pathway for the oxygen reduction reaction [52]. It has been proposed
that the ORR proceeds via a dual-path in nano-sized TiN, combining both direct
four-electron and series two-electron pathways, while a series two-electron ORR

mechanism occurs in micro-sized TiN [52].

Other nitrides including CrN, MmN, Fe,N, CosN and NisN have also
demonstrated electrocatalytic activities for ORR [121]. The number of electrons
transferred (n) increases in the following order: NizN (n=2.6) < Fe,;N (n=2.9) <
CosN (n=3.2) < CrN (n=3.3) < MmN (n=3.9) [121]. In addition, the
electrocatalytic performances of bimetallic compounds such as cobalt
molybdenum nitride [122] and cobalt tungsten nitride [123], as well as oxynitrides

of zirconium and tantalum [56, 57] have been evaluated.

Among transition metal nitrides and oxynitrides, a promising catalytic activity has
been reported for two phases of molybdenum nitrides: MoN and Mo;,N, and the
number of transferred electrons n=3.8 has been calculated for both materials [53,
124], indicating overall four-electron ORR pathways. The oxygen reduction
mechanism for these compounds is, however, not clear. The electrocatalytic
activities of these materials have been reported for the carbon-supported
compounds, and Lee ef al. have recently proposed that carbon supports could have

a synergetic influence on the electrocatalytic activity of transition metal nitrides
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[125]. More specifically, TiN electrocatalysts supported on carbon nanostructures
have shown higher onset potentials and larger ORR limiting currents when
compared to pure TiN, not only due to high surface area supports provided by
nanocarbons, but by the decreased charge transfer resistances as well [125]. The
electrocatalytic activity of the pure, unsupported molybdenum nitrides and

oxynitrides towards ORR should therefore be further explored.

Although the larger portion of this thesis is attributed to the performance of
transition metal nitrides and oxynitrides in supercapacitors, Chapter 6 is dedicated
to the electrocatalytic performance of molybdenum oxynitride as a catalyst for the

oxygen reduction reaction.
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1.4 Thesis structure

This thesis is divided into seven chapters presenting different aspects of the work
within the wider research question. Chapter 1 defines the research context and
contains a review of the existing literature on the application of transition metal
nitrides and oxynitrides in the energy storage devices. More specifically, the
application of these compounds as active electrode materials in supercapacitors
and as electrocatalysts for oxygen reduction reaction (ORR) is explored. This
chapter also highlights the gaps in the knowledge to be addressed and defines the
objectives of the thesis. Chapter 2 briefly summarises experimental methods used
to synthesise, characterise and test materials in supercapacitors and as
electrocatalysts for ORR. Chapters 3-6 contain experimental results and their
discussions. Chapter 3 is focused on tungsten oxynitride and its electrochemical
properties in supercapacitors. This chapter particularly addresses the investigation
of the charge storage mechanism and the performance of tungsten oxynitride in
different electrolytes. In Chapter 4, electrochemical properties of the bimetallic
oxynitride (molybdenum tungsten oxynitride) in supercapacitors are reported for
the first time. Chapter S is focused on investigating the influence of the ageing on
the electrochemical performance of oxynitride powders exposed to the ambient air
for different periods. In Chapter 6, the activity of molybdenum oxynitride as an
electrocatalyst for ORR is studied and compared to tungsten and vanadium
oxynitrides. This chapter includes an extensive characterisation of these
compounds. Chapter 7 contains conclusions and possible directions for future

research.
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Chapter 2. Experimental techniques

In this chapter, synthesis and characterisation techniques used in this thesis are
briefly presented. More detailed descriptions are given in Chapters 3-6 or in

textbooks presented in the section “References”.
2.1 Synthesis techniques

2.1.1 Temperature-programmed reduction

Transition metal compounds described in this thesis are synthesised by a
temperature-programmed reduction (TPR) technique, extensively described in the
literature [18, 19, 126-128]. This procedure consists of placing a precursor in a
stream of the reactive gas and progressively increasing the temperature with a
fixed heating rate [18]. In this work, precursors are transition metal oxides in a
powder form, while the reactive gas is ammonia (NH3). For a number of transition
metal oxides, TPR in ammonia gas occurs in two stages: reduction of the oxide
and the progressive replacement of oxygen in the crystal lattice with nitrogen;
while oxygen reacts with hydrogen to form water, nitrogen is incorporated in the
lattice [126, 127]. This process produces the porous morphology of the samples,
and as a result, the oxide precursors transform into the nitride or oxynitride

products with high surface areas [19, 91, 127]:

NH3,700°C
a MO, —— b MN,0, + cH,0 T +d N, T (2.1)

In order to produce monometallic compounds, commercially available transition

metal oxide precursors are used. To produce bimetallic products, however, a
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Figure E1. Front (a) and rear views (b) of the tube furnace setup for the temperature-programmed reduction

in the ammonia gas.

special bimetallic oxide precursor is prepared using a ball milling and annealing
process. The detailed synthesis procedure of the bimetallic precursor is described

in Chapter 4.
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In a typical temperature-programmed experiment, approximately one gram of the
oxide precursor, placed in an alumina crucible, is loaded in the tube furnace
(Tetlow Kilns & Furnaces Pty Ltd, Australia) (Figure E1). The temperature is
subsequently raised to the final nitridation temperature with a fixed heating rate,
kept at this temperature for the required period, and then cooled down to the room
temperature naturally. Throughout the experiment, the flow of the reactive gas

(NH3) is fixed.

Due to their pyrophoric character, transition metal compounds presented in this
thesis require passivation, i.e. the formation of a protective oxide layer on the
surface prior the exposure to air as a standard synthesis procedure [90, 91, 128].
In order to evaluate the effect of the passivation on the ageing of the samples
(Chapter 5), passivated and non-passivated compounds are produced. If the
passivation of the products is required, a special gas mixture, consisting of Ar
with 0.1 vol.% O, is passed over the sample at a fixed flow rate during one hour.

Pure argon gas is used in case of the non-passivated products.
2.1.2 Monitoring of the ageing process

In order to study the evolution of the synthesised products in the ambient air (the
ageing), the passivated and non-passivated samples produced by the temperature-
programmed reduction technique are stored in open containers for different time

periods in a drawer of a cabinet at room temperature.

2.2 Characterisation techniques

2.2.1 X-ray diffraction

X-ray diffraction (XRD) is used in this work to identify crystalline phases present
in the synthesised samples. The working principle of the XRD analysis is based
on the interaction of the X-ray beam with a crystalline structure of the material.
When the incident beam interacts with a long-range, periodic arrangement of
atoms, X-rays are diffracted from the atomic planes of a crystal by the electrons

according to the Bragg’s law [129]:
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2dsin(@)=ni1 (2.2),

where, A is the wavelength of the incident X-ray beam, n is the order of reflection,
d is the interplanar spacing and 0 is the angle of incidence of the X-ray beam
[129]. Diffraction angles as well as the intensities of the diffraction are related to
the atomic arrangements in unit cells, and could therefore be used to identify
crystalline structures [129]. Peak positions, peak intensities and full widths at half

maximums are determined by data fitting with X'Pert HighScore software.

The synthesised powders are characterised by PANalytical X’Pert PRO
diffractometer with an incident Cu K-alpha radiation (A=0.15418 nm). The sample
holder and the detector are rotated relative to the X-ray source (Bragg-Brentano
arrangement), and the intensity of the diffraction is measured as a function of the
diffraction angle [130]. In a typical experiment, the step size, spot size, holding
time per step, accelerating voltage and current are set to 0.05 degrees, 5 mm x 5
mm, 3 s, 40 kV and 30 mA, respectively. Depending on the measurement
requirements and the nature of the sample, these parameters are adjusted. Samples

are characterised in the ambient air, within few days after the synthesis.

2.2.2 Electron microscopy

2.2.2.1 Scanning electron microscopy

In this thesis, scanning electron microscopy (SEM) is used to study the
morphology of the synthesised samples. More specifically, SEM is used to
investigate particle sizes, as well as to visualise shapes and sizes of pores in the
porous products (Figure E2). When a sample is irradiated with an electron beam,
it results in a release of a range of signals from the irradiated zone [131]. These
include characteristic X-rays, luminescence, secondary and backscattered
electrons [131]. In this work, secondary electrons (SE) are used to study the
morphology of the materials, as the escape depth of SE is in the range of tens-
hundreds of angstroms, which enables achievement of a good visualisation of the
mesopores on the surface of the samples [131]. In a typical experiment, the
electron beam is scanned over an area of the specimen, and secondary electrons

are detected in order to form the image [131].
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Figure E2. Low-resolution (a) and high-resolution (b) SEM images of molybdenum oxynitride powder.

The synthesised materials are investigated with Carl Zeiss SUPRA 55VP scanning
electron microscope. Powder samples are deposited onto the conductive carbon
tape and irradiated with an incident beam. For high-resolution images (Figure E2

b), the accelerating voltages of the beam and working distances are kept low, in
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the range of 3-5 kV and 3-5 mm, respectively, in order to achieve a better contrast

and resolution of the surface features. In this case, an in-lens detector is used.

2.2.2.2 Electron microprobe and wavelength dispersive spectroscopy

Similar to SEM, wavelength dispersive spectroscopy (WDS) X-ray analysis is
based on the interaction of the incident electron beam with electrons of the
specimen. In this case, however, characteristic X-rays and not the secondary
electrons are detected, which enables quantitative characterisation of the
elemental composition, as the wavelength of the emitted photon is related to the
atomic number of the element from which the emission occurs, and the intensity
of the emitted line is proportional to its concentration [132]. Characteristic X-rays
are detected with an electron micro probe analyser (EMPA), equipped with a
crystal spectrometer [131]. In order to separate the characteristic wavelength in
the polychromatic beam of radiation, an analysing crystal with a known
interplanar spacing is used [132]. Since each wavelength diffracts from that
crystal at a particular discrete (Bragg) angle (equation 2.2), measuring diffraction

angles therefore enables determination of the characteristic wavelength [132].

Elemental analysis of the synthesised materials is performed using the electron
micro probe analysis (EMPA) with CAMECA SX50 instrument, at the voltage of
15 kV and the current of 40 nA. Prior the analysis, a calibration is performed with
standards for each element. Powder samples are pressed into pellets and polished,

and the analysis 1s performed at thirty points for each sample.

2.2.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is used in this work to obtain more
detailed information on the morphology and structure of the sample, such as, for
instance, crystalline structure or grain sizes in crystalline samples, which could
not be analysed with the SEM, or to confirm the presence of crystalline phases
measured with the X-ray diffraction. Additionally, TEM enables chemical
characterisation of the samples with nanometre-level resolution, as well as
visualisation of the distribution of a particular element. Similar to SEM, TEM is

based on the interaction of the incident beam of electrons with the specimen. In
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TEM, however, the voltage of the incident beam is typically a hundred times
higher than that used in SEM, and since the sample is thin, TEM enables the
incident electrons to penetrate through the specimen. Therefore, in TEM, inelastic
and elastic scattering of the incident beam by electrons or nuclei of the atoms in
the sample are used as a source of information, and not the secondary signals as it

is the case with the SEM [133-135].

In case of the elastic scattering, the kinetic energy of the electrons does not
change after interaction with the specimen, and scattering of the incident beam at
different angles contributes to the image contrast [133-136]. Both electrons
scattered in the direction parallel to the incident beam and electrons scattered at
wide angles can be used to form TEM images (bright-field and dark-field,
respectively) [133-136]. Additionally, in crystalline samples, incident electrons
are diffracted according to the Bragg’s law (equation 2.2) and produce electron
diffraction patterns, which give information about the crystalline nature of the

specimen [133-135].

In the case of the inelastic scattering, incident electrons can induce ionisations of
the of atoms in the specimen or plasmon excitations, which result in the decrease
of the kinetic energy of the electrons exiting the sample [133, 136]. Core
excitations are used in the Electron Energy-Loss Spectrometry (EELS), which
records the energy losses and gives the information about the elements present in
the sample, while plasmon excitations enable identification of the number of
phases [136]. In the imaging mode, it is possible to obtain energy-filtered TEM
(EFTEM) images, showing the distribution of a particular element in the sample,
by using a three-window method, which consists of using two images recorded
below and one image recorded above the ionisation edge of the specific element

[133, 136].

TEM characterisation of the samples is performed with an FEI Titan instrument,
equipped with a scanning unit (STEM) and a Gatan Imaging Filter (GIF), using an
operating voltage of 300 kV. Samples are stored in an inert gas atmosphere prior

the TEM analysis and characterised within two weeks after the synthesis.
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2.2.3 Low temperature nitrogen adsorption

Low temperature nitrogen (N) adsorption is used in this thesis to measure surface
areas of the materials, as well as to analyse their pore size distributions. This
information could be obtained from the adsorption isotherm, measured when the
sample is brought in contact with a gas (N) at various definite pressures and at a
constant temperature of liquid nitrogen [137]. Adsorption isotherm represents the
amount of the adsorbed gas as a function of p/py, where p is the equilibrium
pressure and py is the saturation vapour pressure [137]. In porous materials, the
isotherm has a hysteresis loop between the adsorption and desorption branches
due to the capillary condensation of the gas in the pores [137]. The surface area of
the materials is calculated from the amount of the adsorbate using the Brunauer-
Emmett-Teller (BET) method, while the pore size distribution is evaluated with
the Barrett-Joiner-Helenda (BJH) method [137, 138]. BHJ model is combining
two mechanisms to describe the equilibrium between the adsorbed and non-
adsorbed gas during the desorption: the adsorption on pore walls and the capillary

condensation [139].

In this thesis, low temperature nitrogen adsorption measurements are performed
by using Micrometrics Tristar 3000 instrument. Prior to analysis, samples are
degassed at a temperature of 300° C using Micrometrics SmartPrep programmable

degas system during two hours under the flow of nitrogen gas.

2.2.4 X-ray photoelectron spectroscopy

In this thesis, X-ray photoelectron spectroscopy (XPS) is used to determine the
oxidation states of metals present on the surface of the samples. This technique is
based on measurement of kinetic energies of photoelectrons, emitted from the
atoms/ions after ionisations induced by the incident X-ray beam, which enables
identification of the elemental composition (except hydrogen, helium and
elements heavier than uranium), as well as investigation of the chemical
environment of these elements [140, 141]. The characterisation is based on the

fact that kinetic energies of the emitted photoelectrons are proportional to their
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Figure E3. The author connects cables of a potentiostat to a three-electrode supercapacitor cell (the image is

reproduced with permission from Deakin University).

binding energies, which are dependent on several parameters, such as the number
of protons, distance between the nuclei and core electrons, density of electrons

around the atom/ion/molecule and interactions of electrons [140].

XPS measurements are performed using X-ray photoelectron spectrometer
(Thermo Fisher Scientific) and Kratos AXIS Nova instrument (Kratos Analytical
Ltd, Manchester, UK) with monochromatic Al Ka X-rays.

2.3 Electrochemical testing techniques

2.3.1 Electrode preparation

In order to perform the electrochemical analysis, electrodes are prepared by
mixing the active oxynitride materials with carbon-based compounds and the
binder in specific ratios depending on the type of experiments. For applications in

supercapacitor electrodes, materials are mixed with carbon nanopowder (Sigma-
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Aldrich, #699632) and poly(vinylidene)fluoride (PVDF, Sigma-Aldrich) in an
agate mortar, using N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5 %, Sigma-
Aldrich) as a solvent. The slurry is subsequently coated onto Ti foils and dried in
vacuum in a conventional oven at 90° C. The weight of the electrode materials is
typically between 2 and 3 mg. For testing, three electrode cells (Figure E3) or
symmetric sandwich cells are assembled in a Teflon holder, which is also used to
separate the components of the cell, and filled with electrolytes under vacuum. In
symmetric cells, microporous polyethene film (MTI Corp., USA) is used as a
separator. Either a Solartron Analytical 1470E potentiostat/galvanostat or an

Ivium-n-stat electrochemical analyser is used for electrochemical measurements.

In order to investigate the electrocatalytic performance towards oxygen reduction
reaction, the active materials are mixed with Super P™ Li carbon (TIMCAL) and
PVDF (Solvay) in NMP (Solvay) by sonication. Slurries are deposited onto a
glassy carbon disk with a pipette and dried in vacuum at 55°C in a conventional
oven. Electrocatalytic performance is measured by rotating disk electrode (RDE)
or rotating ring-disk electrode (RRDE) methods with the Biologic VMP3/Z multi-
channel potentiostat and RRDE-3A rotating ring/disk electrode apparatus (ALS
Co. Ltd, Japan).

2.3.2 Cyclic voltammetry

In this thesis, cyclic voltammetry (CV) is used to evaluate the capacitive
properties of materials as potential candidates for applications in supercapacitors.
In a typical experiment, electrochemical cells (in a three electrode or symmetric
cell setup), are connected to a potentiostat and the potential is cycled at a constant
sweep rate between two voltage values, while the current response is measured
[58]. This technique enables analysis of the capacitive properties of a material
from the shape of the cyclic voltammogram. Additionally, it is possible to
determine the potential window, in which the electrode material is stable in a

particular electrolyte.

When performing the cyclic voltammetry and applying a constant scan rate v =

dV /dt, the current response I could be represented as [58]:
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av
I=C% (23

Here, C represents the capacitance. If no Faradaic charge transfer processes take
place across the electrode/electrolyte interface, C represents the double-layer

capacitance only and could be defined as Cgy; [58]:

av

while if Faradaic processes occur, C represents pseudocapacitance [58]:

av
I=C,> (25)

In this case, the double-layer charging process also contributes to the total
response current, but normally represents only a small percentage of the

pseudocapacitive current [58].

If the electrode material has an ideal capacitive behaviour, the shape of current
response as a function of the potential (cyclic voltammogram) is close to a

rectangle (Figure E4 a):
I =C(v) (2.6)

In reality, C could vary with potential and cyclic voltammetry curve, in that case,

exhibits peaks (Figure E4 b) [58].

The criteria for the selection of materials as candidates for application in
supercapacitors, based on the CV evaluation, are the mirror-symmetrical and

nearly rectangular cyclic voltammograms.
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Figure E4. Cyclic voltammograms (3™ cycle) of tungsten oxynitride (a) and molybdenum tungsten

oxynitride (b) in 1M H,SO, electrolyte at the scan rate of 5 mV s™".
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Figure ES5. Galvanostatic charge and discharge curves of molybdenum tungsten oxynitride at the current

density of 0.5 (a) and 5 A g! (b) assembled in a symmetric cell in 1M H,SO, electrolyte 3 cycle).

2.3.3 Galvanostatic charge and discharge measurements

Galvanostatic charge and discharge measurements are used to determine the
specific capacitance of the synthesised materials in supercapacitors. In a typical
experiment, a constant current density (I) is supplied within a potential window
(AV), and the charging/discharging time (At) is measured. For a nearly ideal
capacitive behaviour of the electrode material, the specific capacitance (C)
(defined in the section 2.3.2) is calculated with the formula [58, 142]:
C== @7

In case of a nearly ideal supercapacitor material, the shape of the galvanostatic
charge and discharge curve is close to a triangle (Figure ES a). It is also possible
to compare resistances of the cells from the voltage drop (IR drop) occurring upon

the inversion of the current (Figure E5 b) [142].
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Figure E6. Impedance spectrum of molybdenum oxynitride electrodes assembled in a symmetric

supercapacitor in 1M H,SOj, electrolyte, represented with a Nyquist plot, where Z’ is Z,, and Z”’is Z;;,,

2.3.4 Electrochemical impedance spectroscopy

In an electrochemical system, several phenomena occur as a response to an AC
voltage input. They include electron transport towards the electrode/electrolyte
interface through a conductor, double-layer charging or charge transfer reactions
[143]. These processes occur with different time constants and impedance
spectroscopy enables extraction and analysis of useful data separately [143].
When the electrochemical system, which could be modelled with an equivalent
circuit containing elements such as resistors, capacitors or inductors, is stimulated
with an AC voltage input, the current response, as a result, will present a phase
shift, dependent on the ratio of these elements [144]. If V(t) = V, sin(wt) is the
applied voltage with a frequency f, where w = 2rf, and the response current
signal is I(t) = I sin(wt + @), where ¢ is the phase shift, then the impedance Z

could be expressed in the following form [144]:

_ @_ Vasin(wt) sin(wt)
T T I sin(wt+¢) oA sin(wt+¢)

(2.8)
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used to represent the double layer capacitance and diffusion impedance for a porous material.

This expression could also be written using Euler’s formula exp(jp) =
cos(g) + jsin(ep) as a complex function with a combination of “real” and

“imaginary” parts [ 144]:

Z = Zy(cos(p) + jsin (¢)) = Zyewr + jZim  (2.9)

In a typical experiment, a voltage input is applied to the electrochemical system
with a varying frequency and the output impedance response is measured [144].
When plotting Z,.,; on the x-axis and Z;,, on the y-axis, impedance spectrum could
be represented with a Nyquist plot (Figure E6) [144]. An example of the
equivalent circuit used to model the impedance data for molybdenum oxynitride
electrodes, assembled in a symmetric supercapacitor in 1M H,SOy4 electrolyte, is

given in Figure E7.

In this thesis, electrochemical impedance spectroscopy is used to compare the
intrinsic properties of monometallic and bimetallic oxynitrides applied as
supercapacitor electrode materials, as frequency-response behaviour is affected by

the characteristics of the analysed materials [58]. Impedance measurements are
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performed with an Ivium-n-stat electrochemical analyser operating in a frequency
range between 50 kHz and 0.05 Hz in a symmetric cell configuration at the open

circuit potential. Fitting of the data is performed with the ZView software.

2.3.5 Rotating disk and ring/disk electrode measurements

Rotating disk and ring/disk electrode techniques (RDE and RRDE, respectively),
are used to investigate the electrocatalytic activity of the synthesised materials
towards oxygen reduction reaction (ORR) and to determine the ORR pathway
from the number of transferred electrons and the amount of hydrogen peroxide
generated. In a rotating disk electrode measurement, a three-electrode setup is
used, whereby the working electrode spins at a fixed rotation rate, thus increasing
the mass transport of the reactants and products towards and away from the
electrode, respectively [93, 145]. In this thesis, RDE is used for cyclic
voltammetry measurements. At the onset potential of the ORR, the current is

controlled by the reaction kinetics and could be defined as [93, 145]:
iy =nFAkC (2.10)

Where n is the number of transferred electrons, F is the Faraday constant, A is the
area of the electrode, k is the rate constant and C is the concentration of species
(O,) in the bulk [93, 145]. When the steady-state (where the reaction rate is
determined by the mass transport rate at a particular rotation speed) is achieved,

the diffusion-controlled (limiting) current is defined as [93, 145]:

ig = 0.62nFAD?*Bw'/?v=1eC  (2.11)

Where D is the diffusion coefficient of the species, o is the rotation rate and v is

the viscosity of the electrolyte [93, 145].

The total number of transferred electrons could be calculated by plotting the
current in the diffusion-controlled potential range as a function of the rotation

rate, and by using the Koutecky-Levich expression for the total current [93, 145]:
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=it it (212)

In order to calculate the number of transferred electrons, the following values are

used in the equations 2.10-2.12:

F 96485 C mol

A 0.1256 cm®

D 1.74 x 107 ecm?® 5™
Y% 0.0l cm’s™

C 1.19 x 10 mol cm™

The rotating ring-disk electrode measurement is used to determine the amount of
hydrogen peroxide (H,O,) produced and thus confirm the ORR mechanism. In
this setup, the rotating electrode is equipped with a platinum ring and the
measurement is performed in a four-electrode arrangement. The ring detects
reaction products swept away from the rotating disk and by using the ring (Ir) and
disk (Ip) current densities, the ratio of HO, formed from one O, molecule could

be calculated [93, 145]:

2IR/N
Ip+Ig/N

XH202 = (2.13)

Where N is the collection efficiency of the electrode, calculated as a ratio of the
ring and disk current densities measured in 5 mM Kj3[Fe(CN)g] in 0.1 M KCI
aqueous solution. The behaviour of [Fe(CN)s]*/[Fe(CN)s]* ions during RRDE
measurements is well studied, and helps to determine the ratio of the species
reduced on the disk reaching the ring: the ring current is produced upon oxidation
of [Fe(CN)(,]4', generated on the disk by reduction of [Fe(CN)e]* [93, 145]. A

schematic view of the RRDE setup is presented on Figure ES.
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Chapter 3. Electrochemical properties of
mesoporous tungsten oxynitride in

supercapacitors

3.1 Introduction

Among several transition metal nitrides and oxynitrides investigated as
supercapacitor electrode materials, the nature of the charge storage mechanism of
tungsten nitrides and oxynitrides remains unclear. Choi and Kumta [41]
synthesised tungsten nitride by a temperature-programmed reduction and assigned
the phase to WN. This material has demonstrated nearly rectangular CV curves,
with the highest capacitance of 30 F g”' measured at the scan rate of 2 mV s™ in
IM KOH electrolyte [41]. Later, Park et al. [40] produced tungsten nitride
nanoplates and denoted the phase as W,N. Similar to WN, this product has shown
rectangular CV curves, with the highest specific capacitance value of
approximately 100 F g in 1M KOH electrolyte at the scan rate of 50 mV s™' [40].
Both authors claimed that the main charge storage process of tungsten nitrides is
the double-layer mechanism based on the shape of cyclic voltammograms.
Thompson et al., however, analysed W>N in 1M KOH electrolyte and reported the
specific capacitance value per area of 60 uF cm™, which is higher than the values
expected for the double-layer and therefore proposed a presence of a
pseudocapacitive charge storage process [36]. The exact nature of the charge
storage mechanism for this compound should, therefore, be investigated in more

detail.

For manganese oxide MnO,, which is an extensively investigated material
possessing pseudocapacitive properties, two types of charge storage mechanisms
have been reported: pseudocapacitive ion/proton adsorption [71, 79] and
ion/proton intercalation into the crystal lattice [74-77], the latter accompanied by

the expansion and shrinkage of the lattice visible on XRD patterns, which show
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the variation of peak positions and intensities between the charged and discharged
materials [74, 75]. These two processes are used as a basis for investigation of a

charge storage mechanism of the synthesised tungsten oxynitride.

Furthermore, capacitive properties of transition metal nitrides and oxynitrides
have predominantly been tested in one electrolyte only. It would be, in my view,
important to investigate electrochemical properties of these compounds in
different electrolytes, as they could vary significantly. For example, vanadium
nitride has shown variations of the shape of cyclic voltammograms depending on
the electrolyte, with a nearly rectangular shape observed in NaCl solution, while
redox peaks have been recorded in KOH electrolyte [22]. Additionally, although a
number of transition metal nitrides and oxynitrides have shown good cyclic
stabilities, measurements have mainly been performed by cyclic voltammetry. In
my view, galvanostatic charging and discharging is a more appropriate technique
to measure the cycling life as it is an emulation of the application of a real device.
Finally, similar to capacitive properties, cyclic stability should be evaluated in a

range of different electrolytes.

In this chapter, tungsten oxynitride is synthesised by a temperature-programmed
reduction of the tungsten oxide precursor in NHj3. The compound is extensively
characterised by X-ray diffraction and transmission electron microscopy with
electron energy loss spectroscopy in order to assign the correct phase to the
compound. Furthermore, the morphology of the synthesised material is
investigated with scanning electron microscopy and low temperature nitrogen
adsorption. The electrochemical properties of tungsten oxynitride are
characterised in acid, alkaline and neutral electrolytes: 1M H,SO,4, 1M KOH, 3M
KCl, 3M NaCl, IM LiCl and 1M CaCl,. Finally, the possible charge storage
mechanism is explored and cyclic stability is tested in IM H,SO4, IM KOH, 3M

NacCl solutions.

3.2 Experimental

Tungsten oxynitride was synthesised by a temperature-programmed reduction of

the WO; precursor (Fluka, 95410). One gram of tungsten oxide was placed in an
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alumina crucible inside a tube furnace (Tetlow Kilns & Furnaces Pty Ltd,
Australia) and the furnace was subsequently filled argon (in order to remove air),
which was later replaced with NHj;. Temperature-programmed reduction was
performed by progressively raising the temperature to 700 °C with the heating rate
of 180 °C h™', keeping the furnace at that temperature for two hours and letting the
furnace to cool down to the room temperature with the ammonia flow fixed to 0.2
1 min™ throughout the experiment. Before bringing the samples in contact with air,
the synthesised material was passivated with a special gas mixture (Ar + 0.1

vol.% O,) during one hour with the flow rate of 0.5 1 min™".

The morphology of the product was characterised with scanning electron
microscopy (Carl Zeiss Supra SUPRA 55VP) and low temperature N, adsorption,
performed with Micrometrics Tristar 3000 system. The measured isotherm was
used to calculate the surface area of the material with the Brunauer-Emmett-Teller
(BET) and the pore size distribution with Barrett-Joiner-Helenda (BJH) methods,
respectively. X-ray diffraction (PANalytical X’Pert PRO diffractometer with Cu
K-alpha radiation (A=0.15418 nm)) was used to evaluate the crystal structure of
the synthesised powder. A more detailed characterisation of the product was
performed by transmission electron microscopy (FEI Titan instrument operating
at 300 kV). Electron energy loss spectroscopy (EELS) was recorded in the TEM
nanoprobe diffraction mode with a 2 mm aperture, spectrometer channel
resolution of 0.1 eV, convergence angle of 9 mrad, collection angle of 2.9 mrad
and a 10-20 s acquisition time. Energy-filtered TEM (EFTEM) maps of W, N and
O were obtained via the three-window method. The surface composition of the
samples was investigated with X-ray photoelectron spectroscopy (XPS, Thermo
Fischer Scientific X-ray photoelectron spectrometer), with a K-alpha X-ray beam
focused on a 400 um spot, with survey spectra collected at the pass energy of 100
eV and high-resolution peaks obtained at 20 eV. The measured binding energies

were corrected with the position of the C 1s peak.

Tungsten oxynitride electrodes were prepared by mixing 85 wt.% of the
synthesised powder, 10 wt.% of carbon nanopowder, and 5 wt.% of PVDF in
NMP as a solvent. The resulting slurry was coated onto Ti foils and dried in

vacuum overnight at 90° C. Electrochemical characterisation of tungsten

44



oxynitride electrodes was performed in 1M H,SO,4, IM KOH, 3M KCI, 3M NaCl,
IM LiCl and 1M CaCl, electrolytes in a three-electrode cell setup. In the acid and
neutral electrolytes, Ag/AgCl reference electrode and a Pt wire as a counter
electrode were used, while for tests in the alkaline solution, the Ag/AgCl

reference electrode was replaced by Hg/HgO.

In order to investigate the possible pseudocapacitive charge storage mechanism of
tungsten oxynitride, charged and discharged electrodes were characterised by the
XRD. These electrodes were prepared by the galvanostatic charge and discharge
cycling between -0.4 and 0.5 V in 1M H,SO,4 and between -0.8 to 0.2 V in 3M
KCl electrolytes for ten cycles. The cycling was interrupted at -0.4 or 0.5 V in 1M
H,SO4 and at -0.8 or 0.2 V in 3M KClI, respectively. Charged and discharged
electrodes were subsequently cleaned with deionised water and dried at the room

temperature.

Cyclic stability measurements were performed by galvanostatic charge and
discharge cycling in 1M H,SO4, IM KOH and 3M NaCl solutions, and cyclic

voltammetry curves were recorded after every hundred cycles.

3.3 Characterisation and electrochemical properties of

tungsten oxynitride

The synthesised sample is first characterised with the scanning electron
microscopy (Figure 3.1) in order to evaluate its morphology. SEM images show
that the produced dark grey powder is composed of particles with sizes of
approximately 20-30 um (Figure 3.1 a) and pores of diameters less than 20 nm
could be observed with a higher magnification (Figure 3.1 b).
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Figure 3.1. SEM images of the synthesised material, depicting its morphology at low (a) and high (b)

magnifications.

In order to investigate the porosity of the synthesised material in more detail, low
temperature nitrogen (N;) adsorption experiments are performed. The pore size
distribution, calculated with the BJH method, reveals that the produced compound
1s mesoporous, with the maximum of the distribution centred at approximately 5
nm, with no pores larger than 14 nm detected (Figure 3.2), in agreement with the
information revealed by the SEM images (Figure 3.1). The specific surface area of
the product is 42 m* g' (+ 0.342 m? g"), which is identical to the previously
reported value for tungsten nitride produced by the temperature-programmed

reduction of the tungsten oxide precursor [36].
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Figure 3.3. X-ray diffraction pattern of the synthesised material, revealing diffraction peaks at 30.1°, 37.5°,
43.7°, 63.4°, 76.1° and 80.1° (marked with “@” symbol). The slope of the background is due to the signal from
the sample holder (Scotch tape).
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Figure 3.4. Transmission electron microscopy images of the produced material: the bright-field (a), electron
diffraction pattern (b), high-resolution TEM (HRTEM) (c), high angle annular dark-field (HAADF) (d),
electron energy loss spectrum (¢) and EFTEM maps acquired with a three-window method with the

corresponding bright-field image (f).

Phase identification of transition metal nitrides and oxynitrides could be complex,
as several non-stoichiometric compounds, as well as various oxynitrides with
different oxygen content have nearly identical XRD patterns [47]. In fact, the X-
ray diffraction pattern (Figure 3.3) of the synthesised compound presents six
peaks, which could be attributed to two known phases: W3N,4 (Powder Diffraction
File #: 75-1002) or Wy75(N,O) (Powder Diffraction File #: 25-1255). A more
detailed characterisation is therefore required in order to identify the correct

phase.

TEM characterisation (Figure 3.4) is performed for studying the synthesised
material in more detail. Electron diffraction pattern reveals the polycrystalline,
diamond cubic structure of the sample with a= 0.413 nm (Figure 3.4 b). Bright-
field TEM shows that the crystallite sizes have diameters of approximately 3-8 nm
(Figure 3.4 a). HAADF image (Figure 3.4 d) depicts the porosity of the sample,
while HRTEM (Figure 3.4 c) demonstrates the resolved Ilattice fringes
corresponding to the (011) and (100) planes of a cubic crystal, and the [011]
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Figure 3.5. Cyclic voltammograms of tungsten oxynitride in 1M H,SO, electrolyte.

direction in the zone axis of this image. Electron diffraction pattern (Figure 3.4 b)
confirms the data obtained from the XRD pattern (Figure 3.3), indicating that the
synthesised material corresponds to W3Ny4 (Powder Diffraction File #: 75-1002) or
Wi.75(N,O) (Powder Diffraction File #: 25-1255). The EELS spectrum (Figure 3.4
e), however, shows the presence of oxygen in the compound, in addition to
tungsten and nitrogen, and EFTEM maps of W, N and O (Figure 3.4 f) reveal that
these elements are distributed throughout the sample. The oxygen and nitrogen are
not distributed homogenously and the O/N atomic ratio, calculated from the
electron energy loss data along a line scan, varies between 0.3 and 1. Based on the
XRD and TEM analysis, it could be concluded that the main phase in the
synthesised material is tungsten oxynitride, with a composition most likely similar

to Wy.75(N,0).

Cyclic voltammetry measurements in 1M H,SO, electrolyte (Figure 3.5) reveal
nearly ideal, rectangular shapes of cyclic voltammograms (CVs) in the potential
range between -0.4 V and 0.5 V at the scan rates of 1 mV s 5mVs!,20mVv s!
and 100 mV s, indicating nearly ideal capacitive properties of tungsten
oxynitride, as well as a high reversibility of the charge storage mechanism. The

nearly rectangular shape of the CV is retained at high scan rates.
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Figure 3.6. Rate capability of tungsten oxynitride electrode in 1M H,SO, electrolyte.

The maximum specific capacitance, measured with the galvanostatic charge and
discharge method at the current load of 0.05 A g in 1M H,SOy electrolyte, is 85
F g'. Despite this modest maximum value, approximately 40% of the initial
capacitance is retained upon a 200-fold increase of the current load, reaching 33 F
g at the high current density of 10 A g, indicating a good rate capability of
tungsten oxynitride (Figure 3.6).

Galvanostatic charge and discharge curves at the current load of 0.5 A g,
depicted on figure 3.7 a, have a triangular shape, with a Coulombic efficiency
close to 100 %. At 5 A g, however, a small IR drop is observed upon the
inversion of the current (Figure 3.7 b) due to limitations of the conductivity, as
electrodes were prepared by mixing the material with a conductive carbon and an

insulating binder via the conventional procedure.

In addition to the 1M H,SOy solution, tungsten oxynitride works in a range of
neutral aqueous electrolytes containing alkaline (Figure 3.8) and alkaline-earth

(Figure 3.9) metal cations. In fact, W 75(N,O) demonstrated specific capacitance
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Figure 3.7. Galvanostatic charge and discharge curves of tungsten oxynitride in 1M H,SO, electrolyte at the

current loads of 0.5 A g (a) and 5 A g'1 (b).

values of 16 F g, 18 F g, 28 F g and 39 F g in 3M NaCl, 3M KCl, 1M LiCl
and 1M CaCl,, respectively, at the current load of 0.5 A g"'. The CV shapes are

less rectangular when compared to IM H,SOs4 electrolyte and are varying

depending on the presence of the particular cations.
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In order to investigate the charge storage mechanism of tungsten oxynitride, the
material is tested in IM KOH electrolyte, as reported in the literature [40, 41], in
the potential range between -1.1 V and -0.3 V. As a result, a nearly ideal,
rectangular shape of the CV curves is observed, similar to the behaviour
previously observed in 1M KOH electrolyte in the same potential window [40,
41], and a capacitance value of 57 F g™ is reached at the current load of 0.5 A g™
The difference between the measured specific capacitance and the 30 F g'l, as
well as the 100 F g reported for WN [41] and W,N [40] phases, respectively,
could result from the difference in the stoichiometry and the nature of crystalline
phases, since the surface areas of the synthesised tungsten oxynitride and the
compounds reported in the literature are similar. The main charge storage
mechanism of tungsten nitrides has previously been attributed to EDLC [40, 41],
however, when evaluating the specific capacitance values per electrode area, ~200
uF cm™ and ~136 uF cm™ are estimated in 1M H,SO, and 1M KOH electrolytes,
respectively. The calculated specific capacitance values are an order of magnitude
higher when compared to the values expected for the EDLC mechanism, typically
between 20-50 puF cm™ [61, 62]. It could therefore be concluded that for tungsten
oxynitride, a pseudocapacitive charge storage process is present in addition to the
formation of the electric double-layer. Similar observations have been made by

Thompson et al. [36].

In order to investigate the nature of the charge storage mechanism of Wy 75(N,O)
in more detail, two pseudocapacitive processes are evaluated as possibly
applicable to tungsten oxynitride: pseudocapacitive ion/proton adsorption [71, 79]
and ion/proton intercalation [75-77], previously reported for MnO,. For this
extensively investigated material, the pseudocapacitive ion/proton intercalation is
accompanied by the expansion and shrinkage of the crystal lattice, visible from
the reversible shifts of the diffraction peaks when comparing the XRD patterns of
the charged and discharged electrodes. In fact, ion intercalation into crystalline
MnO; results in the reversible shift of XRD peaks [75, 146]. In order to evaluate
ion/proton intercalations as a possible charge storage mechanism, XRD patterns

of the charged and discharged tungsten oxynitride electrodes in 1M H,SO4 and
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Figure 3.10. (a, b) XRD patterns of the starting tungsten oxynitride electrode (pattern 1), as well as
discharged (pattern 2) and charged (pattern 3) electrodes in 1M H,SO, (a) and 3M KCI electrolytes (b). The
difference in the relative intensities between the spectra 1, 2 and 3 could result from variations of the sample

thickness. The magnified (1 1 1) diffraction peaks for IM H,SO,4 and 3M KCl electrolytes are presented in
figures ¢ and d, respectively. The symbol “e” represents characteristic peaks of tungsten oxynitride, while

peaks of the Ti current collector are denoted with “ A ™.

3M KCI electrolytes are compared (Figure 3.10). The measured XRD patterns
(Figure 3.9), however, did not show any changes in peak positions or in the full
widths at half maximums (FWHM) for the most intense (1 1 1) diffraction peak
(Figure 3.10 c, d), as well as for (200), (220) and (311) peaks (Figure 3.11).
Furthermore, no loss in the crystallinity could be detected. It is therefore
concluded, from the absence of changes in the XRD patterns, that no bulk
intercalation takes place. The pseudocapacitive cation adsorption on the surface is
therefore a possible charge storage mechanism for tungsten oxynitride, as it does

not involve the bulk of the material, in agreement with the observed XRD data.
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Figure 3.11. The magnified (200) (a, b), (220) (c, d) and (311) (e, f) diffraction peaks for IM H,SOy (a, c, e)
and 3M KCl (b, d, e) electrolytes.

Finally, the cyclic stability of tungsten oxynitride is tested in three different
electrolytes: 1M H,SO4, 3M NaCl and 1M KOH by performing multiple
galvanostatic charge and discharge cycles at the current load of 0.5 A g™ (Figure
3.12) and recording cyclic voltammograms at the scan rate of 5 mV s after a
specific number of cycles (Figure 3.12, inserts). In 1M H,SO, electrolyte, the
distortion of the CV curves is observed after 200 galvanostatic charge and
discharge cycles (Figure 3.12 a, insert), accompanied by a loss of the

electrochemical reversibility (Figure 3.12 a).
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Figure 3.12. Cyclic stability of tungsten oxynitride: galvanostatic charge/discharge curves measured for the

2" and 300" cycles in 1M H,SO, (a), the 2™ and 400™ cycles in 3M NaCl (b) and the 2™ and 1000" cycles in

IM KOH electrolytes (c). CV curves measured after selected cycles are presented in inserts.
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Figure 3.13. XPS spectra deconvoluted peaks of W 4f core levels for tungsten oxynitride as-prepared
electrode (a) and after multiple (> 160) galvanostatic charge and discharge cycles in 1M H,SO, (b) and 1M
KOH (c) electrolytes.

A faster degradation of the reversibility is observed in 3M NaCl electrolyte
(Figure 3.12 b). In 1M KOH, however, tungsten oxynitride demonstrates a
reasonable stability and only minor increases in specific capacitance values (1 %
and 9 %, respectively) could be measured between the first and the 1000th cycle

from the galvanostatic charge and discharge curves (Figure 3.12 c).

In order to investigate the cyclic stability of tungsten oxynitride in more detail,
XPS spectra of tungsten oxynitride electrodes are compared before and after
testing for multiple (>160) galvanostatic charge and discharge cycles in 1M
H,SO4 and 1M KOH electrolytes in order to evaluate changes in the surface
characteristics of the samples (Figure 3.13). The cycling was stopped when the
discharge curves in IM H,SO, electrolyte became asymmetric. The W 4f
spectrum of the as-prepared electrode (Figure 3.13 a) could be deconvoluted into

four components, with two sets of core levels, based on the previously reported
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data [90]. The first doublet, with binding energies of 36.98 and 35.08 eV, is
characteristic of WOj5 species, while the second doublet, with binding energies of
35.04 and 32.96 eV, could be attributed to the mixed WO, and WO phase [90,
147, 148]. XPS analysis reveals that the synthesised oxynitride is possibly
covered with a passivating layer composed of a mixture of tungsten oxides. This
layer is not visible on the TEM images (Figure 3.4) and could therefore be very
thin. No peaks corresponding to the mixed nitride species WoN + WN, with
binding energies of 34.2 and 32.0 eV, could be detected, in agreement with
literature, where Ar' sputtering has been used to remove the surface oxide layer in

order to reveal these mixed nitride phases [90, 147].

When compared to the as-prepared sample, XPS of tungsten oxynitride electrodes
cycled in 1M KOH electrolyte present no visible changes (Figure 3.13 c), as
opposed to electrodes cycled in 1M H,SOy4 electrolyte, where an increase in the
intensity of peaks corresponding to WOs species is observed (Figure 3.13 b). It
could therefore be concluded that the poor stability of tungsten oxynitride
electrodes in 1M H,SOy4 electrolyte could result from the progressive oxidation of
the material. In 1M KOH electrolyte, however, the surface composition of
tungsten oxynitride remains nearly unchanged. This is in agreement with the
observation by Thompson et al., where the highest stability of VN and W,N in
alkaline electrolytes has been reported [36].

3.4 Conclusions

In this chapter, tungsten oxynitride is synthesised by a temperature-programmed
reduction and extensively characterised by SEM, low temperature N, adsorption,
XRD, TEM, EELS and XPS. The analysis reveals that the synthesised material is
mesoporous, and its phase is assigned to Wy 75(N,O), as a closest match, according
to the XRD and EELS data. The specific surface area of tungsten oxynitride is 42
m” g and the maximum of the pore size distribution is centred around 5 nm. The
surface of tungsten oxynitride is possibly covered with a very thin, nitrogen-poor

passivating layer, composed of WO; and WO, + WO tungsten oxide species.
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Electrochemical characterisation of tungsten oxynitride is performed in the acid,
alkaline and a range of neutral aqueous electrolytes containing alkaline and
alkaline-earth metal cations: 1M H,SO,4, 1M KOH, 3M KCl, 3M NaCl, 1M LiCl
and 1M CaCl,. The specific capacitances of 85 F g and 57 F g are measured in
IM H,SO4 and 1M KOH electrolytes, respectively, and nearly ideal, rectangular
shapes of the CV curves are observed. In neutral electrolytes containing alkaline
and alkaline-earth metal cations, the specific capacitance values, as well as the
shapes of cyclic voltammetry curves are dependent on the presence of particular
cations. Based on the measured specific capacitance values per electrode area, it is
concluded that a pseudocapacitive charge storage mechanism exists in addition to

the formation of the electric double-layer.

In order to investigate the charge storage mechanism of tungsten oxynitride in
more detail, two pseudocapacitive processes, previously proposed for MnQO,, are
evaluated: ion/proton adsorption and ion/proton intercalation into the crystal
lattice. Based on the XRD characterisation of the charged and discharged samples,
no bulk intercalation could be detected. It is therefore concluded that the possible

charge storage mechanism is the pseudocapacitive ion/proton adsorption.

Cyclic stability of tungsten oxynitride is evaluated in 1M H,SO4, 3M NaCl and
IM KOH electrolytes and the highest stability is observed in 1M KOH, while a
loss of reversibility is observed in 1M H,SO4 and 3M NaCl. Additionally, XPS
spectra of the as-prepared electrodes are compared to the electrode cycled in 1M
H,SO4 and 1M KOH solutions after multiple cycles. Cycling in 1M H,SO4 results
in the progressive oxidation of tungsten oxynitride, revealed by an increase of the
WO3/WO,; + WO ratio on the surface, while in 1M KOH, the surface composition

remains nearly unchanged.
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Chapter 4. Structure and electrochemical
capacitance of bimetallic molybdenum

tungsten oxynitride

4.1 Introduction

Rate capability is an important performance criterion of supercapacitors, as it
determines its ability to work at high charge and discharge currents. This property
is particularly useful for high power applications in the transport, residential,
telecommunication and consumer electronics sectors [11, 59, 68]. Transition
metal nitrides and oxynitrides, possessing pseudocapacitive charge storage
properties, have demonstrated good rate capabilities due to their high intrinsic

conductivities [23, 149], as opposed to many transition metal oxides.

It has previously been reported that the transition metal in the nitrides and
oxynitride compounds could be partially substituted by another metal. As a result,
bimetallic compounds with altered physico-chemical properties are produced [86-
88]. It has been observed, for instance, that catalytic properties of the bimetallic
catalysts, obtained by the addition of second metals such as Ti, Ce, Zr or Co in the
crystal lattice of molybdenum nitride, are improved when compared to the
performance of the pure y-Mo,N [86]. Additionally, vanadium molybdenum
oxynitride V, oMo ¢O;7N,4 has demonstrated a higher specific surface area when
compared to the monometallic VN and MosN, as well as a higher catalytic
performance (normalised to the surface area) [88]. In supercapacitors, however,
research has been almost exclusively focused on monometallic nitride and
oxynitride compounds. Data exist on the y-Mo,N and CosMosN “composite
material”, which has shown higher specific capacitance values, as well as an

improved cyclic stability in 3.5M H,SO4 electrolyte when compared to the pure y-
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Mo,N [89]. Electrochemical properties of pure bimetallic compounds have,

however, have not been studied.

In this chapter, bimetallic molybdenum tungsten oxynitride is synthesised by a
solid state route, similar to the method reported by Yu and Oyama [88]. The
synthesised material is characterised by a low temperature N, adsorption, XRD,
SEM, TEM and EELS, and its electrochemical properties are tested in 1M H;SO4
electrolyte in the three-electrode, as well as the symmetric cell setup. The
electrochemical performance of the bimetallic compound is evaluated by cyclic
voltammetry, galvanostatic charge and discharge, as well as electrochemical
impedance spectroscopy (EIS) measurements, and compared to the performance

of the monometallic molybdenum and tungsten oxynitrides.
4.2 Experimental

Molybdenum tungsten oxynitride was synthesised by a temperature-programmed
reduction of the bimetallic oxide precursor. 13.5 g of WO; (Sigma-Aldrich,
95410) and MoO; (Sigma-Aldrich, 267856), mixed in 1:1 ratio, were loaded
inside a planetary mill (Fritsch Pulverisette 5) with steel balls (20 mm diameter,
1:20 powder to ball ratio) and milled for 50 hours with the rotor speed set to 150
rpm in order to achieve a highly homogenous mixture. The milled powder was
subsequently pressed into pellets under the pressure load of 8 tonnes using a dye
with a 13 mm diameter. Pellets were annealed at 785 °C during 6 hours in a
horizontal tube furnace with open ends (Tetlow Kilns & Furnaces Pty Ltd,
Australia) inside an alumina crucible. After cooling down to the room temperature
naturally, pellets were crushed into powder with an agate mortar and placed in the
same furnace under the ammonia flow. Temperature-programmed reduction of the
mixed oxide precursor was performed by heating the furnace to ~ 700 °C with the
heating rate of 5 °C min™', keeping that temperature for 3 hours and cooling down
to the room temperature naturally, with the ammonia flow fixed to 0.4 1 min™
throughout the procedure. Prior to exposure to the ambient air, samples were
passivated with a flow of a special gas mixture (Ar + 0.1 vol.% O,) during 1 hour
at the flow rate of 0.5 | min'. Monometallic molybdenum and tungsten

oxynitrides were synthesised by a temperature-programmed reduction from the

61



pure MoO; (Sigma-Aldrich, 267856) and WO;3; (Sigma-Aldrich, 95410)
precursors, respectively, in the similar TPR conditions, with the maximum
operating temperature of 700 °C. The detailed synthesis procedures for these
compounds are described elsewhere [126, 127, 150]. For simplicity, the
synthesised materials are denoted as MoW(N,O), Mo(N,O) and W(N,O).

The synthesised bimetallic oxynitride was extensively characterised by SEM, low
temperature N, adsorption, XRD and TEM. In order to perform the
electrochemical testing, electrodes were prepared by mixing active materials with
carbon nanopowder and PVDF in a 90:5:5 weight ratio using NMP as a solvent.
The slurry was subsequently coated onto Ti foils and dried overnight in a
conventional oven at 90 °C in vacuum. For the three-electrode cell setup,
Ag/AgCl reference electrodes, as well as a Pt wire as a counter-electrode were
used. Symmetric cells, emulating the design of a real supercapacitor device, were
assembled by separating two nearly identical electrodes by a microporous
polyethene film (MTI Corp., USA). All cells were filled with IM H;SO4
electrolyte under vacuum. Electrochemical performance was evaluated with the
cyclic voltammetry, galvanostatic charge and discharge, as well as

electrochemical impedance spectroscopy measurements.

62



1000

—
—
= _——
Q
800 =
e — O
(Y
e
—_—
— 800 4 (=] —
=] ol -——
©
— N -
——
= " = QN
400 4
2 o
8] Al
g
200
0 . - : 1 r - - I r T - 1
30 40 50 80 70 80 =]

2 o (degrees)

Figure 4.1. XRD pattern of the synthesised molybdenum tungsten oxynitride.

4.3 Structure and electrochemical properties of

MoW(N,O)

The diffraction pattern of the bimetallic molybdenum tungsten oxynitride,
revealed with the X-ray analysis (Figure 4.1), presents five peaks at 2 6= 37.4°,
43.3°, 63.0°, 75.9° and 80.0°. The measured XRD pattern matches diffraction lines
of MoWN, 10, 4 (Powder Diffraction File #: 50-0134). The synthesised compound
has a cubic structure and a small crystalline size, observed from the broadening of

the diffraction peaks, in agreement with the previously reported data [87].

The surface area and pore size distribution of molybdenum tungsten oxynitride
are measured with the low temperature N, adsorption (Figure 4.2). The isotherm
corresponds to type IV and presents a hysteresis loop (Figure 4.2 a), indicating a
porous nature of the solid. The surface area of 72.6 m* g (+ 0.3347 m? g) is

measured with BET method [137]. The pore size distribution, depicted on figure
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Figure 4.2. Low temperature N, adsorption-desorption isotherm (a) and pore size distribution (b) of

MoW(N,0).

4.2 b, reveals that the material is mesoporous (pore diameters between 2 and 50
nm), with the maximum of the distribution centred around 4 nm. Further
morphological characterisation of the synthesised material (Figure 4.3) confirms
the porosity of the material, with surface pores of less than 10 nm diameter visible
on the high resolution SEM image (Figure 4.3 b). Low resolution SEM image
(Figure 4.3 a) shows that the synthesised dark grey powder consists of particles

with sizes of approximately 1 um.

64



Figure 4.3. Low (a) and high (b) magnification SEM images; bright field TEM image (c) and electron
diffraction pattern (d); EFTEM maps of Mo, W, N and O elements (f) and the corresponding TEM image (e).
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Figure 4.4. CV curves of MoW(N,O) is 1M H,SO, electrolyte (a) and CV curve of MoW(N,O) compared to
CV curves of Mo(N,0) and W(N,O), normalised to the weight, at the scan rate of 5 mV s™ (b).

TEM characterisation reveals the nanocrystalline nature of the synthesised
material (Figure 4.3 c, e). The electron diffraction pattern, depicted on figure 4.3
d, presents five rings and is in agreement with the XRD data (Figure 4.1). EFTEM
maps of Mo, W, N and O elements show that the elements are distributed

throughout the sample (Figure 4.3 f).

Cyclic voltammetry curves of molybdenum tungsten oxynitride in 1M H;SO4
electrolyte possess nearly ideal, rectangular shapes, indicating good capacitive

properties of the material (Figure 4.4 a). Two reversible redox peaks could be
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observed on top of the CV curves, typical for the compounds possessing
pseudocapacitive properties. The nearly rectangular shape of the CVs is preserved
at the scan rates as high as 100 mV s. The operating voltage window of
MoW(N,O) is between -0.2 and 0.55 V vs. Ag/AgCl in 1M H,SO, electrolyte.
When comparing CV curves of MoW(N,O), Mo(N,O) and W(N,O), normalised to
the weight of the active materials, at the scan rate of 5 mV s™ (Figure 4.4 b), it can
be observed that the shape of the cyclic voltammogram of MoW(N,O), as well as
its operating voltage window, differ from both monometallic compounds. For
instance, W(N,O) presents an ideal, rectangular shape of the CV curve and an
operating voltage window between -0.4 and 0.5 V vs. Ag/AgCl, while Mo(N,O),
operating between -0.5 and 0.5 V, shows a less rectangular curve with multiple

redox peaks.

Galvanostatic charge and discharge curves of MoW(N,O) possess rectangular
shapes, with small IR drops observed upon inverting the current at high scan rates
(Figure 4.5 a). The maximum specific capacitance of 124 F g (172 pF cm™),
measured at the current load of 0.05 A g, indicates the presence of a
pseudocapacitive charge storage mechanism in addition to the electric double
layer. The bimetallic oxynitride demonstrates a very good rate capability, with
43% of the initial capacitance retention upon increasing the current load from 0.05
to 20 A g (400-fold). Furthermore, at the same charge-discharge current
densities, the bimetallic compound possesses higher specific capacitance values as
well as a better rate capability when compared to both monometallic oxynitrides
(Figure 4.5 b). In fact, when comparing specific capacitances at a high current
load of 10 A g'l, MoW(N,0), W(N,O) and Mo(N,O) show capacitance values of
67 F g',33 F g and 2 F g respectively, with the highest initial capacitance
retention observed for MoW(N,O).

In order to investigate the difference in the electrochemical performance between
MoW(N,O), Mo(N,O) and W(N,O) in more detail, electrochemical impedance
spectroscopy measurements are performed for these compounds in the symmetric
cell setup. Electrodes with nearly identical weights are selected for comparison.
Nyquist plots of the impedance spectra measured for MoW(N,O), Mo(N,O) and
W(N,O) (Figure 4.6) present depressed semi-circles at high frequencies,
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Figure 4.5. Galvanostatic charge and discharge curves of MoW(N,O) (a) and comparison of rate capabilities
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characteristic of charge transfer resistances and the double layer charging on the

electrode surface, followed by inclined straight lines at lower frequencies,

characteristic of the Warburg region [144, 151-153].
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Figure 4.6. Electrochemical impedance spectroscopy measurements: Nyquist plots for MoW(N,O) (a),
W(N,O) (b) and Mo(N,O) (c), as well as the equivalent circuit (d) used to fit the data.

In order to compare data in the medium-high frequency range, impedance spectra
are modelled with Randles-type equivalent circuit (Figure 4.6 d), where R,
represents the resistance of the electrolyte, R represents the charge transfer
resistance and CPEg and CPEyw are constant phase elements used to model the
double layer capacitance and diffusion impedance, respectively, in porous
samples [144, 154, 155]. The equivalent circuit provides a good fit of the

experimental data in the medium-high frequency range (Figures 4.6 a-c).

The impedance of the constant phase element is described with a formula [144,

151]:

1
Zcpg = TGos 4.1)

Yy is the admittance, j is the imaginary unit, o is the modulation frequency and o
is a dimensionless coefficient. When o=1, Zcpg represents an ideal capacitor,

while at a=0.5, a transmission line behaviour is observed, representing the mass
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transport impedance in the pores [144, 151, 154, 155]. The impedance data for
MoW(N,O), Mo(N,O) and W(N,O) are summarised in the Table 4.1.

Table 4.1 Fitted impedance data modelled with Randles-type equivalent circuit
(Figure 4.6 d).

Sample Re () Re (Q) Ry (@) a()  Ca(F)a()
MoW(N,0) 1.6 60.5 111/0.46  0.00059/0.61
Mo(N,0) 1.0 90.8 141/0.50  0.00039/0.68
W(N,0) 1.2 101.3 118/0.58  0.00056/0.66

It can be observed from the modelled data (Table 4.1) that MoW(N,O) has a
lowest R¢; value when compared to monometallic oxynitrides. R is the charge
transfer resistance, which is determined by the rate of electrons transfer towards
the electrode/electrolyte interface, and represents intrinsic properties of the
electrode such as, for example, its conductivity [144, 151-153]. The lowest Rct
value for MoW(N,O) could indicate its higher intrinsic conductivity when
compared to the monometallic compounds and could explain the superior rate

capability of the bimetallic compound (Figure 4.5 b).

Cyclic stability of molybdenum tungsten oxynitride is evaluated in 1M H;SO4
electrolyte during 5000 galvanostatic charge and discharge cycles at the current
load of 5 A g' (Figure 4.7). The bimetallic compound demonstrates
approximately 46 % of the starting capacitance retention after 5000 cycles. A
larger IR drop observed in the galvanostatic charge and discharge curves after
5000 cycles (Figure 4.7, insert) could result from the progressive oxidation of the

surface.
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Figure 4.7. Cyclic stability of MoW(N,0O) measured at the current load of 5 A g”'. Galvanostatic charge and
discharge curves in 1M H,SOy electrolyte (insert).

Finally, electrochemical properties of MoW(N,O) are investigated in a symmetric
cell setup, emulating an accepted design of a real supercapacitor device (Figure
4.8) [11, 58, 68]. CV curves of the symmetric cell demonstrate ideal rectangular
shapes with no redox peaks visible (Figure 4.8 a), in the operating potential range
between 0 and 0.75 V in IM H,SOs electrolyte. Galvanostatic charge and
discharge curves have, similar to the three electrode setup, triangular shapes
(Figure 4.8 b), with a small IR drop visible at the current load of 10 A g'l. The
maximum specific capacitance of 23 F g is measured at 0.05 A g"'. MoW(N,0)
in a symmetric cell setup demonstrates a good rate capability, with approximately
50 % of the initial capacitance retention upon increasing the current load 400-fold

from 0.05 to 20 A g”' (Figure 4.8 c).
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4.4 Conclusions

Molybdenum tungsten oxynitride is synthesised by a temperature-programmed
reduction of a bimetallic precursor, prepared by ball milling and annealing the
mixture of monometallic molybdenum and tungsten oxides. The product is
extensively characterised by XRD, low temperature N, adsorption, SEM and
TEM. The synthesised material is mesoporous and nanocrystalline, with the
surface area of 72.6 m® g'. The XRD pattern of the compound matches the
diffraction lines of MoWN, ;0,4 with cubic crystal structure, and EFTEM map
show that W, Mo, N and O elements are distributed throughout the sample.

Electrochemical characterisation of bimetallic molybdenum tungsten oxynitride
reveals nearly ideal, rectangular and triangular shapes of CVs and galvanostatic
charge and discharge curves, respectively, indicating a good capacitive behaviour.
The maximum specific capacitance, measured at 0.05 A g' in 1M H,SO,
electrolyte, is 124 F g, and 43 % of this value is maintained upon a 400-fold
increase of the current load. MoW(N,O) demonstrates a superior rate capability
when compared to monometallic Mo(N,O) and W(N,O) compounds, possibly due
to the higher intrinsic electronic conductivity, as revealed by EIS measurements.
Furthermore, its shape of the cyclic voltammogram, as well as the operating
potential window in IM H,SO, electrolyte differs from the monometallic
compounds. When assembled in a symmetric cell setup, molybdenum tungsten
oxynitride electrodes show nearly ideal rectangular shapes of the CV and a high
rate capability, with approximately 50 % of the initial capacitance retention upon
increasing the current load from 0.05 to 20 A g'l. Cyclic stability measurements
indicate approximately 46 % of the capacitance retention after 5000 galvanostatic
charge and discharge cycles, performed at the current load of 5 A g in IM H,SO4

electrolyte.
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Chapter 5. Ageing of molybdenum and
tungsten oxynitrides and its influence on

the electrochemical capacitance

5.1 Introduction

In supercapacitors, pseudocapacitive charge storage mechanisms often involve
surface or sub-surface layers of the active materials. For instance, it has been
proposed that the charge storage mechanism of nanocrystalline vanadium nitride
is attributed to the presence of oxides on its surface, interacting with OH™ ions in
alkaline electrolytes via the combination of the electrical double-layer and

pseudocapacitive adsorption mechanisms [39]:
VN,O, + OH™ & VN,O, Il OH™ + VN,O,, —OH  (5.1)

Here, VN,O, | OH™ represents the electrical double-layer adsorption of ions,
while VN, 0, — OH represents a pseudocapacitive mechanism involving electrons
transfer [39]. Properties and composition of the surface of transition metal nitrides
and oxynitrides could therefore have a significant influence on the performance of
these compounds as electrode materials and should therefore be carefully

controlled.

It has previously been reported that transition metal nitrides and oxynitrides form
an oxide layer on the surface at room temperature, and the composition of this
layer is changing over time, the process also known as “ageing”. For instance,
tungsten oxynitride stored in ambient air for 80 days has demonstrated an increase
of the oxygen content on the surface , while no changes on the XRD patterns have

been recorded [90]. Similar results have been reported for molybdenum
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oxynitrides, where an increase of the oxygen content on the surface have been
revealed by XPS or elemental analysis, while the XRD patterns have remained
unchanged [91, 92]. This evolution of the surface composition of transition metal
nitrides and oxynitrides in time and its influence on the capacitive properties of
the materials remains almost unexplored. Since a number of these compounds are
pyrophoric, they are usually passivated (i.e. exposed to a stream of a gas
containing a small amount of oxygen) prior the exposure to air as a standard
synthesis procedure, in order to form a protective oxide layer. The influence of the
passivation on the ageing has not been explored as well. It is, in my view,
important to investigate the influence of the synthesis and storage conditions of
transition metal nitrides and oxynitrides on their surface properties, as these
changes could have an influence on their electrochemical performance in

supercapacitors.

In this work, ageing of molybdenum and tungsten oxynitrides is studied. More
specifically, the materials, synthesised by the temperature-programmed reduction
in ammonia, are exposed to ambient air for different periods and analysed by low
temperature N, adsorption and XPS. Additionally, the influence of the passivation
procedure, performed after the temperature-programmed reduction, is studied, in
order to determine its effect on the ageing and the electrochemical properties of
molybdenum and tungsten oxynitrides. Electrochemical properties of the samples
are investigated with cyclic voltammetry and galvanostatic charge and discharge
measurements. Recommendations are made regarding the synthesis procedure as

well as the storage conditions for these compounds.
5.2 Experimental

Molybdenum and tungsten oxynitrides were synthesised by a temperature-
programmed reduction of the commercially available MoO;s (Sigma-Aldrich,
267856) and WO; (Sigma-Aldrich, 95410) precursors, respectively, in ammonia
gas at 700° C. The detailed TPR procedure is described elsewhere [126, 127, 150].
Before bringing the synthesised materials in contact with air, the furnace was

purged with the flow of the pure Ar (Coregas), with the flow rate of 0.5 | min™

75



Table 5.1 Description of the synthesised passivated and non-passivated samples

exposed to ambient air for different periods.

Storage Weight of the active
Sample Sample description period materials (mg) + 0.035

(days) mg on the electrodes
Al W(N,O)- non passivated 0 (fresh) 2.38
A2 W(N,O)- non passivated 5 2.31
A3 W(N,O)- non passivated 21 2.32
A4 W(N,O)- non passivated 48 2.4
B1 Mo(N,O)- non passivated 0 (fresh) 2.33
B2 Mo(N,O)- non passivated 21 2.35
B3 Mo(N,O)- non passivated 35 2.36
B4 Mo(N,O)- non passivated 48 2.48
AP1 W(N,O)- passivated 0 (fresh) 2.14
AP2 W(N,O)- passivated 5 2.02
AP3 W(N,O)- passivated 21 2.27
AP4 W(N,O)- passivated 48 2.02
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during one hour. For simplicity, the synthesised materials are further denoted as
non-passivated W(N,O) and Mo(N,O). In order to study the influence of the
passivation on the ageing of oxynitrides and on the evolution of their
electrochemical properties with time, passivated tungsten oxynitride samples were
prepared by flowing a special passivating gas mixture (Ar + 0.1 vol.% O,) over
the synthesised material during one hour prior exposure to air. The flow rate of

the gas mixture was fixed to 0.5 I min™.

Room temperature oxidation or ageing was performed by storing the synthesised
samples in contact with ambient air (in open containers) for different time periods
up to 48 days. The synthesised samples (Table 5.1) were characterised with low
temperature N, adsorption, XPS and TEM measurements. Electrochemical testing
was performed by cyclic voltammetry and galvanostatic charge and discharge
measurements in 1M H,SOy4 electrolyte. Electrode slurries were prepared by
mixing the synthesised materials (A1-A4, B1-B4 and AP1-AP4) with carbon
nanopowder and PVDF in 90:5:5 ratio. Slurries were coated onto Ti foils and
dried at 90° C in vacuum overnight. Electrochemical measurements were
performed in a three electrode cell setup with Ag/AgCl as a reference electrode
and Pt wire as a counter-electrode. Electrodes with nearly identical weights were

selected (Table 5.1).

5.3 Comparison of the structure and electrochemical
performance of non-passivated samples exposed to

ambient air for different periods.

5.3.1 Characterisation of tungsten oxynitride

Low temperature N, adsorption isotherms of non-passivated tungsten oxynitride
samples exposed to ambient air for different periods (Figure 5.1 a) present a
hysteresis between the adsorption and desorption branches, indicating that the
materials are porous. Specific surface areas, measured with BET method, reveal

surface areas of 54 (+0.2), 42 (+0.3), 44 (+0.2) and 48 (+0.3) m> g for samples
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Figure 5.1. Low temperature N, adsorption characterisation of non-passivated tungsten oxynitride samples:

Al, A2, A3 and A4, respectively. After an initial drop in the surface area from 54
to 42 m”> g after exposure to ambient air for 5 days, no further decrease of the
surface area could be detected. This observation differs from data reported by Cho

et al. [90] for the passivated tungsten oxynitride, where a progressive decrease of
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the surface area from 63.7 to 30 m” g is measured after the exposure of samples

to air for 40 days.

The pore size distribution of the as-synthesised sample (Figure 5.1 b, sample Al)
presents a maximum around 5 nm, with no pores larger than 20 nm visible. Upon
exposure to ambient air for 5 days, this maximum disappears, giving rise to two
different maxima, centred around 3 and 7 nm, respectively (Figure 5.1 b, sample
A2). Further ageing leads to an increase in the proportion of mesopores with 3 nm
diameters (Figure 5.1 b, sample A3). The evolution of the pore size distributions
of the non-passivated tungsten oxynitrides is, as well, different from data
measured for the passivated compounds. More specifically, Cho et al. reported
that the pore size distribution of the as-synthesised compound presents three
maxima, centred around 2.3, 3.5 and 4.2 nm. Upon ageing, the smaller pores
disappear first, but larger mesopores (4.2 nm) remain intact, indicating that the
oxide formation on the surface is blocking small pores [90]. For samples A1-A4,
however, the oxide formation seems to progressively decrease the diameter of
mesopores but not to block them (Figure 5.1 b). This difference could arise from
the difference is the morphology of the pores, as the shape of the hysteresis loop
for samples A1-A4 (Figure 5.1 a) is different from the shape previously reported
for the passivated tungsten oxynitride samples [90].

In order to investigate the oxide species present on the surface of tungsten
oxynitrides, the materials are characterised with XPS (Figure 5.2). XPS spectrum
of the as-synthesised sample present two core doublets (Figure 5.2 a, Table 5.2).
The first doublet, characteristic of tungsten in WOs species and denoted as W',
has binding energies of approximately 36.0 and 38.0 eV. The second doublet, with
binding energies of approximately 32.7 and 34.8 eV, represents tungsten with
lower oxidation states. Since the binding energies of this doublet are close to the
values reported for the mixed W,N + WN, as well as WO, + WO phases [90], it is
difficult to assign the peaks to the exact species. They are therefore denoted as

W, where & < 6. XPS results indicate that the surface of the as-prepared
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Figure 5.2. XPS spectra depicting W 4f deconvolution peaks for samples Al (a), A2 (b), A3 (c) and A4 (d).

Table 5.2 Binding energies of W 4f deconvolution peaks for samples A1-A4.

Sample wo wo*
W 4f5),, W 4t5, W 4f5, W 4t5,
Al 38.0 36.0 34.8 32.7
A2 38.2 36.1 35.0 33.0
A3 38.1 36.1 34.8 32.7
A4 38.1 36.1 34.6 32.5
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Table 5.3 Ratio of W 4f7, peak areas for samples A1-A4.

Sample W/W" ratio
Al 0.36
A2 0.61
A3 0.61
A4 0.68

tungsten oxynitride (Figure 5.2 a), as well as the samples exposed to air for
different periods (Figure 5.2 b-d) contain WO;. When comparing the change of
the W/ W*' ratio with time, calculated from the areas of W 4f;,, peaks (Table
5.3), an increase of the proportion of WO; species could be observed on the
surface. After an initial increase from 0.36 to 0.61, no further significant change
in the W/ W' ratio is observed. This could indicate that upon exposure to air,
the surface of tungsten oxynitride becomes progressively covered with a WO;

layer, with a saturation observed shortly after the exposure.

5.3.2 Characterisation of molybdenum oxynitride

Low temperature N, adsorption isotherms of molybdenum oxynitride (Figure 5.3
a) correspond to type IV and demonstrate a hysteresis, indicating therefore the
porosity of the synthesised dark grey powder. Surface areas of 123 (£2.6), 39
(£0.4), 60 (+0.5) and 67 (£0.6) m” g are measured for samples B1, B2, B3 and
B4, respectively, with the BET method. After an initial drop of the surface area,
an increase is observed. It is important to note that the samples are degassed at the
same temperature prior the BET measurements, as degassing temperature could
have an influence on the measured surface areas [91]. These results differ from

the previously reported data, where a progressive decrease of the surface areas is
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observed for the passivated molybdenum oxynitride samples stored in the ambient
air for the period up to 7 weeks [91, 92]. The pore size distribution (Figure 5.3 b)
presents a maximum at approximately 3nm, with no apparent shift in the

maximum observed upon ageing.

XPS spectra of the as-synthesised molybdenum oxynitride (Figure 5.4 a) presents
two doublets, the first centred around 232.2 and 235.9 eV and corresponding to
Mo®" in MoOs, while the second is located at 229.1 and 232.3 eV and could be
attributed to Mo®" species, with 0 < § < 6 (Table 5.4) [156-158]. Similar to the
XPS results measured for the non-passivated tungsten oxynitrides (Table 5.3), the
Mo®/Mo®" ratio increases upon ageing and reaches a saturation, indicating an
increase of the proportion of MoOs species on the surface of the non-passivated

molybdenum oxynitride upon exposure to ambient air (Table 5.5).

Table 5.4 Binding energies of Mo 3d deconvolution peaks for samples B1-B4.

Sample Mo®* Mo®
Mo 3d;) Mo 3ds) Mo 3ds) Mo 3ds)
Bl 2359 2322 232.3 229.1
B2 236.0 232.4 232.6 229.2
B3 236.1 232.4 232.5 229.1
B4 236.1 232.5 232.5 229.1
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Table 5.5 Ratio of Mo 3ds), peak areas for samples B1-B4.

Sample Mo®/Mo®" ratio
B1 0.46
B2 0.71
B3 0.75
B4 0.72

5.3.3 Influence of ageing on the electrochemical properties of tungsten

oxynitride

In order to evaluate the influence of ageing on the electrochemical properties of
tungsten oxynitride, samples A1-A4, exposed to air for different periods, are
characterised with cyclic voltammetry and galvanostatic charge and discharge
measurements (Figures 5.5 and 5.6). The shape of the CV curve for the as-
synthesised sample (Al) in 1M H,SOy4 electrolyte is a nearly ideal rectangle
(Figure 5.5 a). Upon ageing, however, small reversible redox peaks could be
observed on the surface of the CV curves around -0.1 V. These peaks could be
attributed to the electrochemical activity of additional WOj; species present on the
surface of the samples after exposure to air, revealed by XPS measurements
(Figure 5.2). In fact, CV curves of mesoporous amorphous WO;_ present redox
peaks resembling those of the aged tungsten oxynitride samples [151]. The
measurements of the maximum specific capacitance value, performed with the
galvanostatic charge and discharge method, indicate its progressive increase upon
ageing. In fact, the capacitance value, measured at 0.05 A g, increases from 57 F
g (106 uF cm™) for the as-prepared sample (A1) to 75 F g (156 puF cm™) for the
sample exposed to the ambient air for 48 days (Figure 5.5 b).
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It is important to note that the weight of the active materials is carefully controlled
and electrodes with nearly identical mass are selected for comparison (Table 5.1).
When comparing the specific capacitance retention at high current loads for
samples A1-A4 (Figure 5.5 b, c), it could be observed that the ageing does not
have an influence on their rate capabilities. More specifically, for the as-prepared
sample (A1), 29.6 % of the initial capacitance value is retained upon increasing
the current load from 0.05 to 20 A g'l. The same capacitance retention is reported
for the sample exposed to air for 48 days (A4). These results are consistent with
the assumption that the progressive oxidation of the surface of oxynitrides does
not affect the bulk and therefore does not have an influence on the intrinsic

conductivity of the active materials.

Galvanostatic charge and discharge curves (Figure 5.6), measured for samples
Al-A4 at the current load of 0.5 A g (Figure 5.6 a) and 5 A g (Figure 5.6 b)
have nearly ideal, triangular shapes, with small IR drops observed at the higher
current (Figure 5.6 b). Ageing, however, has an influence on the Coulombic
efficiencies of the samples, which could be observed from the distortion of the
shapes of cyclic voltammograms (Figure 5.5 a). In fact, the Coulombic efficiency,
measured from the galvanostatic charge and discharge curves at the current load
of 0.05 A g, drops from 94 % for the sample Al to 77 % for the sample A4,

indicating the presence of an irreversible process.

5.3.4 Influence of ageing on the electrochemical properties of

molybdenum oxynitride

Similar to tungsten oxynitride, the influence of the ageing on the electrochemical
properties of molybdenum oxynitride is evaluated by cyclic voltammetry and
galvanostatic charge and discharge measurements (Figures 5.7 and 5.8). CV
curves of samples B1-B4 are less rectangular (Figure 5.7 a), and ageing does not
have an apparent influence on their shape. Rate capability measurements (Figure
5.7 b, ¢) indicate that the exposure to the ambient air has a significant influence on
the capacitance retention at high current loads. In fact, the as-prepared sample

(B1) retains only 2.7 % of its initial capacitance upon increasing the current from
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0.5t0 20 A g, while the sample exposed to air for 48 days (B4) retains 17.2 % of
the initial value. Another change could be observed when comparing the
galvanostatic charge and discharge curves of molybdenum oxynitride samples at

the current load of 5 A g (Figure 5.8 b): for samples exposed to air, the IR drop
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decreases. These results could indicate that oxidation at room temperature leads to

an occurrence of faster electrochemical processes.

5.4 Influence of the passivation of tungsten oxynitride

on the ageing process

As a standard synthesis procedure, transition metal nitrides and oxynitrides are
usually passivated after the temperature-programmed reduction with a gas mixture
containing a low percentage of oxygen in order to prevent the strong oxidation in
the ambient air. In this work, the influence of the passivation on the ageing and on
the electrochemical properties is studied. Low temperature nitrogen adsorption
characterisation of the passivated samples AP1-AP4 is presented on figure 5.9.
Similar to the non-passivated tungsten oxynitrides, the adsorption isotherms of the
passivated compounds correspond to type IV (Figure 5.9 a), and specific surface
areas, evaluated with the BET method, are 44.6, 40.1, 42.3 and 28.3 m? g'1 for
samples AP1, AP2, AP3 and AP4, respectively. The maximum of the pore size
distribution of the as-synthesised sample AP1 (Figure 5.9 b) is centred at
approximately 6 nm and upon ageing, this maximum shifts to larger pore sizes.
These results, similar to the previously reported data, could indicate that the

exposure to the ambient air leads to the blocking of the smaller pores [90].

XPS spectra of the passivated tungsten oxynitride samples (Figure 5.10) are
similar to the spectra of the non-passivated compounds (Figure 5.2) and present
two doublets corresponding to W*" and wo species (Table 5.6). The difference
between the passivated and non-passivated samples could be observed when
comparing the ratios of W W species (Table 5.7). More specifically, for the as-
synthesised sample, the ratio is 0.36 for the non-passivated and 0.16 for the
passivated materials, respectively, indicating a stronger oxidation of Al-A4

compounds.
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Figure 5.9. Low temperature N, adsorption characterisation of the passivated molybdenum oxynitride

samples: isotherms (a) and pore size distributions (b).

Upon ageing, this ratio strongly increases for the non-passivated samples and
reaches saturation already after 5 days of exposure to air, while for the passivated
samples, the ratio increases progressively. These results indicate that the

passivation slows down the room temperature oxidation but does not prevent it.
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Figure 5.10. XPS spectra depicting W 4f deconvolution peaks for samples AP1 (a), AP2 (b), AP3 (c) and

AP4 (d).

Table 5.6 Binding energies of W 4f deconvolution peaks for samples AP1-AP4.

Sample wo wo*
W 4fs), W 4t W 4f5, W 4f;,
AP1 37.6 36.0 34.9 32.8
AP2 38.6 36.7 355 334
AP3 38.1 36.1 34.9 32.8
AP4 38.2 36.1 349 32.9
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Figure 5.11. CV curves of the passivated tungsten oxynitride samples at the scan rate of 5 mV s\,

Table 5.7 Ratio of W 4f, peak areas for samples AP1-AP4.

Sample W/W°" ratio
AP1 0.16
AP2 0.20
AP3 0.37
AP4 0.75

Cyclic voltammograms (Figure 5.11) of the passivated samples in 1M H,SO4
electrolyte shows that, similarly to the non-passivated samples, the shape of the
cyclic voltammetry curves becomes distorted upon ageing, with redox peaks

appearing on top of the CV around -0.1 V.
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When comparing galvanostatic charge and discharge curves for the as-
synthesised, passivated and non-passivated samples (Al and AP1) as well as
samples exposed to air for 48 days (A4 and AP4), it could be observed that at the
charge and discharge curves for Al and API, as well as for A4 and AP4 are
nearly superimposed (Figure 5.12). At the current load of 0.5 A g, the specific
capacitance values, measured for the samples Al and AP1, are 42.3 F g and 43.6
F g, respectively. Upon ageing, the specific capacitance values increase to 57.8 F
¢! and 583 F g’ for samples A4 and AP4 (Figure 5.12 a). Upon the 10-fold
increase of the current load (Figure 5.12 b), the specific capacitances measured
are 31.7, 35.6, 444 and 46.7 F g'1 for samples Al, APl, A4 and AP4,
respectively, thus indicating that passivation does not have a significant influence

on the rate capability of tungsten oxynitride.

The influence of the passivation could be, however, observed when comparing the
increase of the specific capacitance values upon ageing (Figure 5.13). For samples
A1-A4, a sharp increase of the specific capacitance, measured at the current load
of 0.5 A g, is observed already after five days of exposure to air, followed by a
plateau, while for samples API-AP4, the specific capacitance values
progressively increase with time. After 48 days of exposure, however, both non-
passivated and passivated samples reach nearly identical specific capacitance
values. Similar results are measured at a higher current load of 5 A g”. These
results indicate that the change in the electrochemical properties of the non-
passivated samples happens soon after exposure to air, followed by the saturation,
while for the passivated samples, these changes occur progressively. The observed
data correlate with the change of the W®"/W®" species ratio measured with XPS

for the passivated and non-passivated samples, respectively.
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5.5 Discussion: implications of the ageing on the

preparation and storage of transition metal oxynitrides

The results presented in this work indicate that properties of molybdenum and
tungsten oxynitrides are changing over time upon exposure to the ambient air at
room temperature. XPS measurements indicate that the oxide composition on the
surface of these compounds is evolving, and the compounds become

progressively oxidised.

Ageing, in turn, has an influence on the electrochemical properties of transition
metal oxynitrides in supercapacitors, and changes are material-specific. For
instance, for tungsten oxynitrides, although an increase of the specific capacitance
is observed upon exposure to air, ageing leads to the distortion of the cyclic
voltammetry curves, and therefore decreases Coulombic -efficiencies. For

molybdenum oxynitrides, a completely different behaviour is observed, with an
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increase of the rate capability upon ageing. These results indicate that the storage
of these compounds in the ambient air could not only influence the
electrochemical performance, but additionally affect the reproducibility of the
measurements, or the comparison of the results to data reported in the literature. It
could therefore be recommended to analyse the effect of the ageing on a particular
nitride or oxynitride compound and select the appropriate storage conditions

(controlled ageing in the ambient air or storage in an inert gas atmosphere).

Additionally, the effect of the passivation prior the exposure to air after the
temperature-programmed reduction is studied in relation to the ageing. XPS
results show that although the passivation slows down the oxidation of the surface
of transition metal oxynitrides in the ambient air, it does not prevent it.
Electrochemical measurements correlate with XPS results and demonstrate a
progressive change in the specific capacitance values for the passivated samples,
as opposed to the non-passivated samples, which show a strong change on the
electrochemical performance soon after exposure to air and then reach saturation.
Although after long storage periods both passivated and non-passivated tungsten
oxynitride samples show similar changes in the electrochemical behaviour, this
evolution of the performance is slower for the passivated samples. It could
therefore be recommended to perform the passivation of the samples prior
exposure to the ambient air. The passivation is typically performed by exposing
the samples to the flow of an inert gas with a small amount of oxygen (0.1 vol. %)

at the end of the temperature-programmed reduction.
5.6 Conclusions

In this work, the ageing of transition metal oxynitrides in the ambient air is
studied. More specifically, molybdenum and tungsten oxynitrides are synthesised
by the temperature-programmed reduction, exposed to the ambient air for
different periods, and characterised by low temperature N, adsorption, X-ray
photoelectron spectroscopy and electrochemical measurements. Additionally, the
role of the passivation in the ageing of samples is investigated. Results indicate
that upon exposure of the compounds to air for different periods, progressive

oxidation of the surface occurs, which, in turn, leads to material-specific changes
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in their electrochemical properties. For tungsten oxynitride, exposure to air
induces an increase of the specific capacitance values but decreases Coulombic
efficiencies, while for molybdenum oxynitride, an increase of the rate capability is
observed. Finally, passivation of tungsten oxynitride samples prior exposure to air
slows down the oxidation of the surface and therefore the evolution of the
electrochemical properties. It is therefore recommended to analyse the effect of
ageing on transition metal nitrides or oxynitrides and select the appropriate

storage conditions.
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Chapter 6. Transition metal oxynitrides:
structure and electrocatalytic
performance for the oxygen reduction

reaction

6.1 Introduction

Due to their high intrinsic conductivity and good catalytic activity, transition
metal nitrides and oxynitrides are promising candidates for applications as
electrocatalysts for oxygen reduction reaction (ORR) [51-54, 93, 118-125, 159,
160]. In fact, compounds including TiN [52], MoN [53], Mo;N [124], Mn4N
[121], CrN [121] and CosMosN [122] have demonstrated good electrocatalytic
performances with overall four-electron ORR pathways. Among these
compounds, carbon-supported molybdenum nitrides MoN and Mo, N have shown
promising electrocatalytic activities, with n = 3.8 transferred electrons calculated
for both materials in aqueous electrolytes [53, 124]. These compounds, however,
have been prepared by the temperature-programmed reduction of the carbon-
supported precursors, and Youn et al. [125] have demonstrated that nanocarbon
supports could have a synergetic effect on the electrocatalytic activity on
transition metal nitrides. More specifically, TiN on a hybrid carbon nanotube-
graphene (CNT-GR) hybrid support has shown an enhanced performance when
compared to the unsupported TiN [125]. This improvement of the electrocatalytic
activity has been attributed to the formation of a 3D structure with a large surface
area and mesopores, thus enabling the electrolyte to access the active sites of TiN,
and the enhanced conductivity of the composite [125]. The electrocatalytic
activity of the molybdenum nitride and oxynitride compounds without carbon

supports should therefore be investigated in more detail.
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In this chapter, oxynitrides of molybdenum, tungsten and vanadium are
synthesised by the temperature-programmed reduction in NHj3 and characterised
by XRD, SEM, low temperature N, adsorption and wavelength dispersive
spectrometry in order to assign the correct phase to the synthesised compounds.
Their electrocatalytic activity is compared by performing cyclic voltammetry with
a rotating disk electrode in a neutral 0.1 M KCl aqueous solution, used as a
chloride-containing model of hexyl(tetradecyl)phosphomium chloride (P¢g6,14Cl)
ionic liquid electrolyte [161, 162]. The ORR mechanism of molybdenum
oxynitride is investigated in detail by performing RDE and RRDE measurements,
in order to determine the number of transferred electrons, as well as to calculate

the percentage of the hydrogen peroxide formed.

6.2 Experimental

Molybdenum, tungsten and vanadium oxynitrides were synthesised by a
temperature-programmed reduction in NH;. Molybdenum and tungsten
oxynitrides were prepared by placing 0.5 g of the commercially available oxide
precursors MoO; (Sigma-Aldrich, 267856) and WO; (Sigma-Aldrich, 95410),
respectively, in a tube furnace (Tetlow Kilns & Furnaces PTY Ltd., Australia).
The TPR was performed by bringing the furnace up to the final temperature of
700° C with a heating rate of 3° C min™', then maintaining the temperature for two
hours before cooling down to the room temperature naturally. The flow of
ammonia was fixed to 0.2 1 min” throughout the experiment. The synthesised
materials were passivated with a special gas mixture (Ar + 0.1 vol.% O,, 0.5 1
min™) during one hour prior the exposure to air. Vanadium oxynitride was
synthesised from 20 g of V,0s precursor (Sigma-Aldrich, 221899) using an in-
house built fluid bed reactor. The temperature of the reactor was first gradually
brought to 500° C with the flow rate of NH; fixed to 4 1 min™. The flow was
decreased to 1.5 1 min™ when the temperature of the reactor reached 500° C.
Finally, when the final TPR temperature of 700° C was attained, the flow rate of
ammonia was set to 1 | min" and the reactor was kept at this temperature for two
hours. During the cooling down procedure, the NH; was replaced with N, when

the temperature dropped down to 400° C. Similar to molybdenum and tungsten
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oxynitrides, the synthesised vanadium oxynitride was passivated with Ar + 0.1

vol.% O, during two hours.

The synthesised materials were extensively characterised by XRD, SEM, low
temperature N, adsorption and WDS. Electrodes for RDE and RRDE
measurements were prepared by mixing the active materials with Super P™ Li
carbon black (TIMCAL) and PVDF (Solvay) in a 69.86:22.95:7.19 weight ratio.
NMP (Scharlau) was added to mixtures and slurries are mixed by sonication
during 1 hour. The as-prepared slurries were deposited onto the glassy carbon disk
electrode (4 mm diameter, 0.1256 cm?, ALS Co. Ltd., Japan) and dried for one
hour in a conventional oven at 50° C in vacuum. Electrocatalytic performance of
the synthesised materials was compared by performing cyclic voltammetry
measurements in the potential range between 0.2 and -0.7 V vs. Ag/AgCl
reference electrode at the scan rate of 20 mV s'l, with a Pt wire used as a counter
electrode in 0.1 M KCI electrolyte. In order to determine the percentage of
hydrogen peroxide formed during the ORR, rotating ring-disk electrode
measurements were made with a Pt ring-modified electrode (0.188 cm?, ALS Co.
Ltd., Japan) in a four-electrode cell setup. The potential of the disk electrode was
scanned at the scan rate of 20 mV s between 0.2 and -1 V vs. Ag/AgCl reference
electrode, with a Pt wire as a counter electrode. Meanwhile, the potential of the
ring electrode was fixed to 0.2 V vs. Ag/AgCl. The collection efficiency was
calculated by performing RRDE measurements in 5 mM Kj3[Fe(CN)¢] in 0.1 M
KCI solution, deaerated with a flow of nitrogen for 30 minutes. The potential of
the disk, rotating at 700-2300 rpm, was scanned from 0.45 to 0V at 20 mV s,
while the potential of the ring electrode was kept at 0.45 V.
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Figure 6.1. XRD patterns of molybdenum (a), tungsten (b) and vanadium (c) oxynitrides.
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6.3 Characterisation of molybdenum, tungsten and

vanadium oxynitrides

XRD patterns of the synthesised dark grey powders are presented on Figure 6.1.
The diffractions peaks of molybdenum oxynitride (Figure 6.1 a) are located at
36.8° 43.3° 62.7°, 75.1° and 79.2° and match diffraction lines of y-Mo,N (Powder
Diffraction File #: 25-1366) and Mos;N, (PDF #: 89-3712). The XRD pattern of
tungsten oxynitride (Figure 6.1 b), presenting diffraction peaks located at 30.1°,
37.5°, 43.7°, 63.4°, 76.1° and 80.1°, fits diffractions lines of W 75(N,O) (PDF#:
25-1255) and WiN4 (PDF#: 75-1002). Finally, peaks of vanadium oxynitride
(Figure 6.1 ¢) match diffraction lines of VN (PDF#: 73-2038) and VO (PDF#: 75-
0048), which both have cubic crystalline structures. It is known that this class of
materials can exist in a broad range of compositions containing atoms of a
transition metal, nitrogen and oxygen [17]. It is therefore difficult to determine the

phase of these transition metal compounds based on XRD patterns alone.

Table 6.1 Average atomic percentages of elements in molybdenum, tungsten and

vanadium oxynitrides.

Metal (at. ~ Nitrogen (at. Oxygen (at. M/(N,0) O/N

%) %) %) ratio ratio
Mo(N,0) 38 45 16 0.6 0.4
W(N,0) 36 40 24 0.6 0.6
V(N,0) 42 44 15 0.7 0.3
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Figure 6.2. Low and high-magnification SEM images of tungsten (a, b), molybdenum (c, d) and vanadium (e,

f) oxynitrides.

In order to investigate the composition of the synthesised materials in more detail,
the elemental composition of each compound is analysed with WDS, using an
electron microprobe. The results of WDS analysis are summarised in Table 6.1. It
is important to note that this analysis is approximate due to the fact that samples
are porous and contain light elements (WDS is more adapted for heavier
elements). Furthermore, for V(N,O), the peaks of V and O overlap in WDS. The
approximate elemental composition of molybdenum, tungsten and vanadium
oxynitrides reveals the presence of non-negligible amount of oxygen (between
14.8 and 24.2 at. %) in all samples, thus confirming that the synthesised

compounds are oxynitrides. In fact, the oxygen/ nitrogen ratios are 0.3 for
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V(N,0), 0.4 for Mo(N,O) and 0.6 for W(N,O) (Table 6.1). The metal to non-metal
ratios indicate that the approximate stoichiometric compositions of the oxynitrides
are Moy 6(N,0), W(s(N,O) and V(7(N,0). Interestingly, Mog¢N,O) seems to
deviate from the Mo,(N,O) and Mo3(N,O), phases expected from the XRD pattern
(Figure 6.1 a). It has, however, been previously reported that a cubic M0,N3.4Oy 1s
present near the surface in molybdenum nitrides [163], which correlates with our

characterisation data. For simplicity, the oxynitrides are further denoted as

Mo(N,0), W(N,0) and V(N,0).

Morphological characterisation of the synthesised materials (Figure 6.2) by SEM
reveals porous structures at a high magnification (Figures 6.2 b, d, f). Low
temperature N, adsorption measurements (Figure 6.3) confirm that the synthesised
materials are mesoporous, with the maximum of the pore size distributions
centred around 4 nm and 5 nm for molybdenum (Figure 6.3 a) and tungsten
(Figure 6.3 b) oxynitrides, respectively. Vanadium oxynitride (Figure 6.3 c)
possesses a bimodal pore size distribution and has, in addition to small pores
centred around 3 nm, larger pores with diameters centred around 15 nm. These
measurements are in agreement with the high-magnification SEM images (Figure
6.2 b, d, f). Surface areas of 42, 12 and 19 m? g'1 are calculated with the BET

method for tungsten, molybdenum and vanadium oxynitrides, respectively.

6.4 Electrocatalytic performance of molybdenum,
tungsten and vanadium oxynitrides and oxygen
reduction mechanism of molybdenum oxynitride

6.4.1 Comparison of the electrocatalytic performance of Mo(N,O),
W(N,O) and V(N,0O)

In order to compare the electrocatalytic performance of molybdenum, tungsten
and vanadium oxynitrides, cyclic voltammograms are measured using a rotating
disk electrode (RDE) technique (Figure 6.4) at the scan rate of 20 mV s™ in the
potential range between -0.7 and 0.2 V vs. Ag/AgCl reference electrode. When
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Figure 6.4. Voltammograms of tungsten ( A ), molybdenum (m) and vanadium () oxynitrides performed with

RDE at the rotation rate of 1000 rpm in 0.1 M KCl electrolyte.

comparing the cyclic voltammograms representing the ORR, it could be noted that
molybdenum and vanadium oxynitrides demonstrate a similar electrocatalytic
activity, with an onset potential of -0.156 V. Tungsten oxynitride, however, shows
a more negative onset potential of -0.196 V, indicating that this compound is less
active towards oxygen reduction reaction when compared to molybdenum and
vanadium oxynitrides. Since tungsten oxynitride has the highest surface area
among the three compounds, this behaviour could be explained by the presence of
different active sites for ORR on the surface, as well as by the varying bulk
properties of the materials. Since tungsten oxynitride possesses the highest
amount of oxygen (Table 6.1), which is nearly the double of the amount present in
vanadium and molybdenum oxynitrides, it could be speculated that oxygen
content in oxynitrides could have an influence on the electrocatalytic

performance.
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K;3[Fe(CN)g] in 0.1 M KCl solution at different rotation rates.

6.4.2 Investigation of the oxygen reduction mechanism for

molybdenum oxynitride

In order to determine the total number of transferred electrons, RDE
measurements (Figure 6.5) in the potential range between 0.2 and -1 V vs.
Ag/AgCl are performed, with the rotation rates varying from 700 to 2300 rpm

under the flow of O,. Blank RDE measurement is performed under the flow of
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Figure 6.8. Ring (top) and disk (bottom) current densities for RRDE measurements performed in 0.1 M KCl

solution at different rotation rates.

argon. To calculate the number of electrons, current in the diffusion-controlled
potential range (-0.8 V vs. Ag/AgCl) is plotted as a function of the rotation rate
(Koutecky-Levich plot, Figure 6.6). The number of electrons (n) is given by the
equation 2.11 (Chapter 2). Here, n is equal to 4, indicating a four-electron ORR

pathway.
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In order to confirm the overall four-electron pathway and obtain more quantitative
information on the ORR mechanism, the percentage of H,O, generated is
measured with rotating ring-disk electrode. In case of four-electron ORR
mechanism, the amount hydrogen peroxide should be close to 0 %. First, the
collection efficiency (N) is determined by performing RRDE studies using 5 mM
K;3[Fe(CN)s] in 0.1 M KCI solution (Figure 6.7). Afterwards, RRDE
measurements are made in 0.1 M KCl electrolyte (Figure 6.8), and the percentage
of hydrogen peroxide is determined by the procedure described in the
experimental part (Chapter 2, section 2.3.5). For molybdenum oxynitride
electrocatalyst, the calculated amount of hydrogen peroxide is 2.35 + 0.18 %,

which confirms the four-electron ORR pathway.

6.5 Conclusions

In this chapter, molybdenum, tungsten and vanadium oxynitrides are synthesised
by the temperature-programmed reduction of the corresponding oxide precursors
and extensively characterised by XRD, WDS, SEM and low temperature N,
adsorption. The analysis reveals that although the XRD patterns of the synthesised
materials match diffraction lines of nitrides, the compounds contain significant
amounts of oxygen (between 15 at.% and 24 at.%), and therefore should be
described as oxynitrides. The approximate stoichiometric compositions of
molybdenum, tungsten and vanadium oxynitrides, estimated from the WDS
analysis, are Moy 4(N,O), Wo6(N,O) and V(7(N,O), respectively. Morphological
characterisation by SEM shows the presence of pores, and the low temperature N,
adsorption measurements confirm that the synthesised materials are, in fact,

mesSoporous.

Electrocatalytic performances of molybdenum, tungsten and vanadium
oxynitrides for oxygen reduction reaction are compared using a cyclic
voltammetry analysis with a rotating disk electrode in 0.1 M KCI electrolyte.
These measurements reveal that molybdenum and vanadium oxynitrides have a
similar electrocatalytic activity for ORR, with an onset potential at -0.156 V vs.

Ag/AgCl, while tungsten oxynitride has a lower performance, with a more
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negative onset potential of -0.196 V vs. Ag/AgCl. A more detailed analysis of the
ORR mechanism is performed for molybdenum oxynitride. RDE and RRDE
measurements reveal that oxygen is reduced via the four-electron pathway, as the
number of transferred electrons, calculated from the Koutecky-Levich plot, is
equal to four, and the amount of the generated peroxide, measured with RRDE, is

only 2.35+0.18 %.
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Chapter 7. Summary and

recommendations

In this thesis, transition metal oxynitrides have been investigated as candidates for
applications in supercapacitors and as electrocatalysts for oxygen reduction
reaction, and a number of gaps in the knowledge have been addressed. The
materials investigated in this work are tungsten, molybdenum and vanadium
oxynitrides. Furthermore, a bimetallic molybdenum tungsten oxynitride

compound has been explored in supercapacitors for the first time.

In supercapacitors, many transition metal oxynitrides show a nearly ideal
capacitive behaviour. For instance, tungsten oxynitride and molybdenum tungsten
oxynitride demonstrate rectangular cyclic voltammograms and triangular
galvanostatic charge and discharge curves, as well as a high reversibility of the
charge storage mechanism. In this thesis, it is shown that this nearly ideal
capacitive behaviour is very sensitive to the electrolyte, as well as the preparation
and storage conditions of the compounds. More specifically, in case of tungsten
oxynitride, upon electrochemical testing in a range of aqueous solutions
containing alkaline and alkaline-earth metal cations (KCl, NaCl, LiCl and CaCl,),
the shape of the cyclic voltammogram shows changes depending on the presence
of particular cations in the electrolyte. Additionally, it is reported for the first time
that capacitive properties of transition metal oxynitrides evolve upon storage in
the ambient air and these changes are material-specific. Tungsten oxynitride, for
instance, demonstrates distortions of the shapes of cyclic voltammograms and a
loss of reversibility upon ageing due to the oxidation of the surface, while
molybdenum oxynitride shows an increase of the rate capability. Furthermore, it
is demonstrated that although the passivation of the samples prior exposure to air
slows down the oxidation, it does not prevent it. It is therefore recommended to

carefully control the storage conditions of the oxynitrides.
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In addition to nearly ideal shapes of cyclic voltammograms, transition metal
oxynitrides predominantly show good rate capabilities due to their high intrinsic
conductivities, as opposed to their corresponding oxides. For example, tungsten
oxynitride demonstrates approximately 40 % of the initial capacitance retention
upon a 200-fold increase of the current load, while molybdenum tungsten
oxynitride retains up to 50 % of the initial capacitance upon a 400-fold increase of
the current density in a symmetric cell setup. This property is particularly
important for high-power applications of supercapacitors for instance, in the

automotive sector.

Additionally, good cyclic stabilities are observed for tungsten and molybdenum
tungsten oxynitrides. These stabilities, however, show variations depending on the
electrolyte. Tungsten oxynitride, for instance, is tested for up to 1000
galvanostatic charge and discharge cycles in 1M KOH solution, while only 300
and 400 cycles are performed in 1M H,SO4 and 3 M NaCl electrolytes,
respectively, before a significant loss of the reversibility is observed. It is
suggested that the difference in the stability between the acidic and alkaline
solutions could be explained by the oxidation of tungsten oxynitride in 1M H,SO4
electrolyte. Furthermore, it is proposed in this thesis to use galvanostatic charging
and discharging, in addition to cyclic voltammetry, as a standard procedure to
measure the long-term cyclic stability, as a different cyclic behaviour is observed
when comparing data measured with cyclic voltammetry and galvanostatic
charge/discharge experiments. More specifically, a faster loss of reversibility is
observed upon galvanostatic cycling. The galvanostatic charging and discharging

technique could also be coupled with floating potential tests.

The observed specific capacitance values per unit of electrode area indicate a
presence of pseudocapacitive processes in addition to the electrical double-layer
formation for the compounds presented in this thesis, as the measured values
largely exceed the 20-50 uF cm™ typical for the EDLC. Based on the comparison
of the charged and discharged tungsten oxynitride electrodes by the X-ray
diffraction, it is proposed that for this particular compound, the pseudocapacitive
ion/proton intercalation does not take place, while ion/proton adsorption is a

possible charge storage mechanism.
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Although the larger portion of the thesis is dedicated to the electrochemical
properties of transition metal oxynitrides in supercapacitors, electrocatalytic
properties of these compounds are investigated as well. More specifically,
electrocatalytic activities of molybdenum, tungsten and vanadium oxynitrides
towards oxygen reduction reaction are compared. In addition, the ORR
mechanism is explored for a pure, unsupported molybdenum oxynitride, and an
overall four-electron oxygen reduction pathway is measured, demonstrating a

good electrocatalytic performance.

Results presented in this thesis confirm that a number of transition metal
oxynitrides are promising candidates for applications in the new energy storage
devices such as supercapacitors and metal-air batteries. Particularly, in
supercapacitors, active electrode materials should possess high specific
capacitance values, good rate capabilities as well as high cyclic stabilities.
Transition metal oxynitrides presented in this work show a nearly ideal capacitive
behaviour with a pseudocapacitive charge storage mechanism, high rate
capabilities as well as good cyclic stabilities. Although the maximum specific
capacitance values for oxynitrides presented in this thesis are modest, in a range
between 85 and 124 F g'l, it would be interesting, in my view, to compare the
volumetric rather than gravimetric capacitance values. The volumetric capacitance
for this type of pseudocapacitive materials exceed the corresponding values for
the carbon-based compounds, as pointed out by Y. Gogotsi et al. [164], which is
an advantage for a range of specific, space-limited applications. Additionally, it is
suggested in this thesis that particular attention should be paid to the fact that
electrochemical properties of these compounds are very sensitive to the
preparation and storage conditions, as well as to the electrolyte used. Furthermore,
it is observed that transition metal oxynitrides are subjected to self-discharge, i.e.
the decline of the voltage after charging [58]. It would be, in my view, important
to explore this phenomenon. In summary, although transition metal oxynitrides
demonstrate an attractive electrochemical performance, further work addressing
the self-discharge is required in order to evaluate advantages and limitation of this

type of compounds in view of the application in the real devices.
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