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Abstract

Fergusonite-scheelite type LaNbO4-based materials have presented promising poten-
tial for development as oxygen ionic or protonic conductors for solid oxide fuel cell
(SOFC) and electrolysis cell (SOEC) applications. Among these material candidates,
W- and Mo-substituted LaNbO4 show acceptable oxygen ion conductivity and excel-
lent chemical stability under atmospheric conditions. However, the properties and
performances of these materials under reducing atmospheres remain unclear. Explor-
ing W- and Mo-substituted LaNbO4 under reducing atmospheres, especially under
hydrogen conditions, is crucial for future SOFC/SOEC applications.

Therefore, this work aims to investigate the structural and redox stabilities of W- and
Mo-substituted LaNbO4 under hydrogen conditions and their corresponding changes
in transport properties. The crystal structure of W-substituted LaNbO4 is found to re-
main stable, while the structural symmetry of Mo-substituted LaNbO4 is significantly
reduced after hydrogen treatments. Multiple techniques have been used to attribute
this difference in structural evolution to the redox stability of W cations and the insta-
bility of Mo cations under hydrogen conditions. X-ray absorption fine structure (XAFS)
studies uncover the profound correlation between the crystal structure, the local coor-
dination environment, and the oxidation state of cations. The neutron Compton scat-
tering studies further provide a kinetic description of the elements.

The conductivity of both materials increases significantly under hydrogen conditions.
The transport number of different charge species indicates the conductivity enhance-
ment via distinct mechanisms. The increase in conductivity in W-substituted LaNbO4

is attributed to proton incorporation and transport. Meanwhile, it has been confirmed
that the increase in conductivity in Mo-substituted LaNbO4 is partially due to elec-
tronic conduction. Attempts have been made to probe the hydrogen content in both
materials directly, but these have proved inclusive. However, proton diffusion has
been determined directly for the first time in W-substituted LaNbO4 using isotope ex-
change and mass spectrometry techniques.
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Chapter 1

Research Background

1.1 Energy crisis

When the steam engine roared for the first time in the 1760s, human society consumed
energy greedily and endlessly. This year, the entire world is expected to consume more
than 600 EJ (1 EJ = 1×1018 J) to power cities, industries and homes, while 80% of the
energy comes from fossil fuels, such as coal, oil, and natural gas [1].

However, every gift has its price. Last year, global CO2 emissions were greater than 36
Gt (1 Gt = 1×109 t), contributing to global warming and accelerating climate change
[1]. Research shows that by 2030, more than 250,000 additional deaths are expected,
with countless economic losses due to climate change [2].

In 2015, the Paris agreement was reached to limit global temperature rises to below
1.5 ◦C. Global CO2 emissions must decrease by 43% by 2030 to achieve this ambitious
target [3]. This emission reduction means that our society must dramatically reduce
fossil fuel use while keeping the economy prosperous. Therefore, the development of
green energy sources is crucial for our net-zero emission future.

In recent years, the prosperity of the battery industry offers a promising alternative
to fossil fuels, especially in the transport sector. The market share of electric vehicles
has increased from negligible to more than 13% worldwide in 2022 [4]. However, the
booming market was dimmed by the heavy weight, degradation, and recycling chal-
lenges of batteries [5]. Therefore, while researchers are striving to develop batteries,
other renewable energy sources continue to be sought.

1.2 Hydrogen

Hydrogen is superior among candidates for green energy sources due to its unique
nature. First, hydrogen is the most abundant element in the universe. Hydrogen can
be easily extracted from water via electrolysis, although not in a cost-efficient way
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[6]. Second, water is the only by-product of using hydrogen, meaning that carbon is
excluded from the hydrogen-using scenario. Third, hydrogen is not only a potential
energy source, but also an essential raw material for fertiliser production and other
processes [7]. Therefore, hydrogen-related research is currently a hot topic in academia
and industry.

1.2.1 Hydrogen production

Hydrogen can be produced through various routes. These production routes are clas-
sified according to sources and processes (see Figure 1.1) [8]. Currently, most of the
hydrogen is produced industrially by steam methane reforming (SMR, Equation 1.1)
[9, 10]. The CO produced can also react with steam via the water-gas shift reaction
(WGSR, Equation 1.2).

CH4(g) + H2O(g) → CO(g) + 3H2(g) (1.1)

CO(g) + H2O(g) → CO2(g) + H2(g) (1.2)

The produced hydrogen is called "grey" hydrogen, as the SMR route uses natural gas
as a source and releases CO2 as waste. Therefore, an alternative way of producing
zero-carbon hydrogen, "green" hydrogen, is urgently needed.

FIGURE 1.1: Classification of hydrogen production routes by specific
colours. Reproduced from [8] with permission under a Creative Com-

mons Attribution-NonCommercial 3.0 Unported Licence.

The easiest and most common way to produce "green" hydrogen is through water elec-
trolysis. The mechanism behind this is simple. The input energy creates a minimum
potential difference of 1.23 V at room temperature (RT) to split the water into hydrogen
and oxygen (Equation 1.3) [6].
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H2O(l) → H2(g) +
1
2

O2(g) (1.3)

The cathode forms hydrogen during this process, while the anode forms oxygen. A
membrane electrolyser is placed between the two electrodes to split them.

Low-temperature electrolysers, including proton exchange membrane and alkaline
water electrolysers, have been commercialised for decades. However, the proton ex-
change membrane electrolyser relies on costly noble metals, especially platinum, as
catalysts, which hinders its broad application [11]. In contrast, the alkaline water elec-
trolyser employs nickel-based catalysts. However, it suffers from the lower current
density, slow response, and gas crossover issue due to its liquid alkaline electrolyte
[12]. Another main drawback of low-temperature electrolysers is the overpotential
originating from the reaction rate difference between cathodic and anodic reactions.
The sluggish kinetics of the anodic reaction result in an input potential higher than
1.23 V to realise the water splitting [13].

In recent years, the solid oxide electrolyser cell (SOEC), which operates at high tem-
peratures (400-900 ◦C), has received increasing attention. Unlike the proton exchange
membrane electrolyser, with the aid of heat, noble metals can be replaced with earth-
abundant materials, such as nickel [14]. Besides, heat accelerates the reaction rate,
reducing the overpotential. However, heat also causes severe degradation issues for
the SOEC’s long-term operation [15]. Another main advantage of SOEC compared to
the low-temperature electrolyser is its reversibility [16]. In SOEC mode, the cell con-
sumes water and power to produce hydrogen and oxygen. In reverse mode, the cell
consumes hydrogen and oxygen to generate power with by-products of water. This
mode will be discussed in detail later.

In summary, SOEC offers a promising green hydrogen production route. Efforts have
been made to lower the operating temperature to ensure the commercialisation of
SOEC.

1.2.2 Hydrogen storage and transport

A typical lifetime scenario for hydrogen and any other energy source, such as gasoline
and diesel, involves producing it in a factory, transporting it by pipeline or tank trucks,
and using it in homes or passenger vehicles. From this example, one can easily find
spatial and temporal separations between the production and usage ends, where the
storage and transport become crucial. As the lightest element, hydrogen’s gravimetric
energy density of 120 MJ/kg is about three times higher than diesel or gasoline [17].
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However, the extremely low density (0.089 kg/m3) means its volumetric energy den-
sity of 10.7 MJ/m3 is extremely low [18]. The highly flammable nature of hydrogen
raises further safety concerns in the storage and transport of hydrogen.

Conventionally, hydrogen is stored in compressed gas or liquid form. Although stor-
age in liquid form gives a high hydrogen density of 70 kg/m3, the low storage temper-
ature of -253 ◦C makes it practically unfavourable [19, 20]. However, the compressed
gas form compromises the hydrogen density, but improves commercial availability.
The highest hydrogen density was recorded at 23.3 kg/m3 with a maximum pressure
of 350 bar [21]. However, failure of such a high-pressure tank can be catastrophic.

To avoid the safety issues caused by direct hydrogen storage, developing hydrogen-
containing chemical energy carriers such as methane, methanol and ammonia is an
attractive option. Ammonia is the only carbon-free carrier among these energy carriers
[22]. However, the main challenge in this area is the production of green ammonia
because more than 99% ammonia is produced from the steam reforming process [23].

In addition to gas storage, hydrogen storage materials such as metal hydrides are de-
veloping rapidly. Taking the most developed material, NaAlH4, as an example, hy-
drogen reacts with metal atoms to form hydrogen bonds (Al-H bonds) for storage [24].
Then, the reaction is reversed to break bonds and release hydrogen for use. However,
the weight and cost efficiency still await further improvement [21]. It is worth mention-
ing that hydrogen storage in metal-organic frameworks recently ignited new research
interest, but it is still in the early stages [25, 26].

1.2.3 Hydrogen utilisation

There are two distinct ways to use hydrogen. The first is to burn it in an internal
combustion engine like a regular diesel or gasoline. In the late 20th century, BMW
and Mazda made prototype vehicles powered by hydrogen-fuelled internal combus-
tion engines [27]. However, the combustion behaviour of hydrogen is distinct from
that of diesel or gasoline, and this has yet to be fully understood [28]. This unique
nature results in a dedicated engine design. In addition, the highly flammable nature
of hydrogen means that direct combustion of hydrogen is always a safety concern.

The second is the use of hydrogen electrochemically through a fuel cell. Instead of
combusting hydrogen, the fuel cell converts the chemical energy of hydrogen directly
into electrical energy (Equation 1.4). The fuel cell has an energy efficiency of up to 85%
higher than a diesel-based combustion engine (approximately 35%) [29]. In addition,
the hydrogen fuel cell is a green energy conversion device since the only by-product
is water. Moreover, the fuel cell is a static device, which means that its operation does
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not produce noise and vibration [30]. However, the low power density and durability
issues hinder the further development of fuel cell techniques [31].

H2(g) +
1
2

O2(g) → H2O(g) (1.4)

Apart from using hydrogen as an energy source, hydrogen is also an important indus-
trial material in ammonia production and other industries [7]. Nevertheless, this is
beyond the scope of this work.

1.3 Fuel cell

The fuel cell is not a brand-new invention. It was invented nearly two centuries ago
[32]. The fuel cell was first used in space programmes, powering satellites and space-
craft [33]. The fuel cell was then commercialised as an auxiliary power unit or to power
vehicles [34].

A fuel cell typically consists of three parts: anode, cathode, and electrolyte. The anode
side experiences a hydrogen oxidation reaction (HOR), while the cathode side experi-
ences an oxygen reduction reaction (ORR). Then, the ionic charge carriers, oxide ions,
or protons, are transported through the electrolyte, while the electrons flow through
the external load. Taking a fuel cell that conducts oxide ions as an example, these reac-
tions can be written as Equation 1.5 and Equation 1.6:

HOR : H2(g) + O2− → H2O(g) + 2e− (1.5)

ORR :
1
2

O2(g) + 2e− → O2− (1.6)

The type of its electrolyte catalogues the fuel cell (see Table 1.1), such as the proton-
exchange membrane fuel cell (also known as the polymer electrolyte membrane fuel
cell, PEMFC), the phosphoric acid fuel cell (PAFC), the alkaline fuel cell (AFC), the
molten carbonate fuel cell (MCFC), and the solid oxide fuel cell (SOFC). PEMFC is
one of the primary research focuses. Like the proton-exchange membrane electrolyser,
PEMFC requires noble metals, such as platinum, as catalysts. Worse, these noble metal
catalysts are vulnerable to a small amount of impurities or contaminants in the hydro-
gen gas, especially CO [35]. This poisoning results in a significant PEMFC performance
degradation. Another primary research focus, which is also the focus of this work, is
the SOFC.
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TABLE 1.1: Summary of fuel cell types. Adapted from [36–38] with
permission from Elsevier.

AFC PEMFC PAFC MCFC SOFC
Typical
electrolyte

NaOH Nafion H3PO4 Na2CO3-
Li2CO3

ZrO2-Y2O3

Main
charge
carrier

OH− H+ H+ CO2−
3 O2−

Operating
tempera-
ture

<70 ◦C <80 ◦C ∼200 ◦C ∼650 ◦C 800-1000 ◦C

Fuel type H2 H2 H2 H2, CO,
CH4

H2, CO,
CH4

Energy effi-
ciency

>60% 40% 40% 45% 65%

1.3.1 Solid oxide fuel cell (SOFC)

Table 1.1 presents the differences between PEMFC and SOFC. Compared with PEMFC,
the main advantages of SOFC are similar to those of SOEC: noble metal catalysts can
be replaced with earth-abundant materials. In addition, the energy efficiency of SOFC
is higher than that of PEMFC.

However, given their solid oxide-based electrolyte, SOFCs require a high operating
temperature, usually above 800 ◦C, to guarantee sufficient oxygen ionic conductivity
[37, 38]. Although this high operating temperature expands the fuel viability from
hydrogen to CO, CH4 and so on, it presents a severe challenge in selecting the right
materials [39]. In addition to high electrochemical performances, the materials must
have a high thermal stability in long-term high-temperature operating cycles [15, 40–
45]. The high temperature also means that conventional stainless steel cannot be used
as a supporting material, increasing the fabrication cost [36]. Therefore, reducing the
operating temperature of SOFC to the intermediate temperature range (400-700 ◦C)
is intuitively reasonable. To achieve this intermediate operating temperature range,
SOFC electrolyte materials that meet the following criteria are highly demanded [46,
47]:

1. The area specific resistance (ASR) is less than 0.15 Ω/cm2.

2. The ionic conductivity is greater than 0.01 S/cm.
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3. The operating temperature range is about 400-700 ◦C.

4. The thickness is less than 15 µm with an acceptable mechanical stability.

5. Performance degradation (e.g., open circuit voltage, OCV) is less than 0.1% over
1000 h.

Note that despite these criteria being established for several decades, current SOFC
electrolyte materials still struggle to simultaneously meet all requirements.

1.3.2 Proton ceramic fuel cell (PCFC)

In recent decades, a new type of SOFC electrolyte material that conducts protons in-
stead of oxygen ions has become a hot research topic. This type of material is called the
proton-conducting oxide, while the SOFC based on it is called the proton ceramic fuel
cell (PCFC). Given the gravimetrically and volumetrically minor nature of a proton,
the mobility of a proton is significantly higher than that of an oxygen ion at the same
temperature [48]. This relatively high mobility has led to the development of PCFCs
that operate at intermediate temperature.

FIGURE 1.2: Schematic diagram of the working principles in SOFC
based on (a) oxide ion-conducting electrolyte and (b) proton-conducting
electrolyte. Reproduced from [49] with permission from Royal Society

of Chemistry.

Figure 1.2 shows the differences in the working principles between conventional SOFC
based on oxide-ion-conducting electrolytes and PCFC based on proton-conducting
electrolytes [49]. Figure 1.2 also presents another main advantage of PCFC compared
to SOFC: The water by-product is produced on the cathode side instead of the anode
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side. This change reduces the complexity of the fuel cell system by preventing the
hydrogen dilution issue [50].

However, the journey towards commercialising the PCFC is long and arduous. Typi-
cal proton-conducting oxides, such as barium zirconate substituted with yttrium (BZY)
and barium cerate substituted with yttrium (BCY) are vulnerable to subtle CO2 impu-
rities in the air [51]. Their parasitic electronic conductivity deteriorates performance
[52]. In addition, the lack of proper manufacturing methods prevents PCFCs from
being mass-produced [53].

In recent years, another type of proton-conducting oxide, LaNbO4-based materials, has
shown good resistance to CO2 and negligible electronic conductivity. In contrast, its
protonic conductivity is orders of magnitude lower than that of BZY or BCY [54–56].
After the first exciting serial publications, the attraction for this type of material has
largely declined. However, the potential of these LaNbO4-based materials is worth
further investigation. Therefore, this work will explore the stability and protonic con-
ductivity in LaNbO4-based materials, especially in hydrogen atmospheres.
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Chapter 2

Literature Review

2.1 The proton-conducting mechanism in oxides

2.1.1 Proton defect formation

Although the proton is known to be an ubiquitous "impurity" in semiconductors, it
is primarily regarded as an external atom in oxides [57, 58]. Therefore, protons must
be introduced from the adjacent environment before protonic conductivity can be re-
alised. Moreover, a proton cannot occupy a lattice site in most oxides but is covalently
bonded to oxygen ions, which means that the proton is generally introduced as a hy-
droxide defect [48, 59, 60]. The most common and essential reaction for the introduc-
tion of protons into oxides is the interaction with water vapour or steam. This reaction
is called hydration and can be written in Kröger–Vink notation as Equation 2.1 [61].

H2O(g) + V··
O + O×

O → 2OH·
O

KW = [OH·
O]

2[V··
O ]

−1(pH2O)−1
(2.1)

Where KW is the equilibrium constant of the hydration, and the square bracket in-
dicates the concentration. The concentration of lattice oxygen ions ([O×

O ]) in the mole
fractional unit is regarded as one and omitted because [O×

O ] = const. >> [V··
O ] + [OH·

O]

[62]. Then, a correlation of [OH·
O] as a function of p(H2O)1/2 is commonly observed.

Note that oxygen vacancies (V··
O) are the prerequisite of this reaction, and the concen-

tration of oxygen vacancies determines the upper limit of the concentration of protons
as Equation 2.2.

[OH·
O] = K1/2

W [V··
O ]

1/2(pH2O)1/2 (2.2)

Oxygen vacancies are usually introduced by acceptor substitution. Taking Ca-substituted
LaNbO4 as an example, the substitution can be presented as Equation 2.3 [54, 55].
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2CaO + 2La×La + O×
O = 2Ca′La + La2O3 + V··

O (2.3)

During the hydration reaction, the concentration of each charge species in Ca-substituted
LaNbO4 should meet the electroneutrality condition as Equation 2.4.

[Ca′La] = 2[V··
O ] + [OH·

O] (2.4)

However, Equation 2.1, 2.2 and 2.4 are simplified mainly based on the assumption of
a constant concentration of oxygen vacancies determined by substitution level. For a
more detailed analysis, the concentration of oxygen vacancies is also a function of oxy-
gen partial pressure as Equation 2.5.

V··
O +

1
2

O2(g) = O×
O + 2h·

Kh = [h·]2[V··
O ]

−1(pO2)
−1/2

(2.5)

Where Kh is the equilibrium constant of this reaction. Therefore, Equation 2.4 can be
expanded as Equation 2.6.

[Ca′La] + [e′] = 2[V··
O ] + [OH·

O] + [h·] (2.6)

Given the intrinsic excitation of electron-hole pairs, the concentration of electrons and
holes can be written as Equation 2.7 [48, 63].

[h·] + [e′] = null

Kexc = [h·][e′]
(2.7)

Where Kexc is the equilibrium constant of the excitation. Combining Equation 2.1, 2.4,
2.5 and 2.7, the concentration of each charge carrier can be written as Equation 2.8 [48].

[OH·
O] =

pH2O·KW

4

[(
1 +

8[Ca′La]

pH2O·KW

)1/2

− 1

]

[V··
O ] =

pH2O·KW

16

[(
1 +

8[Ca′La]

pH2O·KW

)1/2

− 1

]2

[h·] =
(

KWKh
16

)1/2

(pO2)
1/4(pH2O)1/2

[(
1 +

8[Ca′La]

pH2O·KW

)1/2

− 1

]

[e′] = Kexc

(
KWKh

16

)−1/2

(pO2)
−1/4(pH2O)−1/2

[(
1 +

8[Ca′La]

pH2O·KW

)1/2

− 1

]−1

(2.8)

Equation 2.8 explicitly describes the concentration of each charge carrier in an acceptor-
substituted oxide as the function of pH2O and pO2.
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Apart from oxygen vacancies dominating hydration, there were fewer reports of other
hydration or protonation mechanisms. If materials contain structural oxygen vacan-
cies, hydration can be expressed as Equation 2.9 and Equation 2.10 [48, 59, 64]. These
hydration mechanisms have been proposed to explain protonic conductivity in some
oxides, such as Ba2In2O5 and Y2O3 [65, 66]. However, their protonic conductivity is
low as these positive and negative ions tend to be mutually neutralised.

H2O(g) + 2O×
O + V×

O = 2OH·
O + O′′

O (2.9)

H2O(g) + 2O×
O + V×

O = OH·
O + OH′

O (2.10)

The hydration can even be realised without oxygen vacancies by balancing the charge
with holes as Equation 2.11 [48, 64].

H2O(g) + 2O×
O + 2h· = 2OH·

O +
1
2

O2(g) (2.11)

Moreover, complex defect species or associations have been proposed to realise hydra-
tion in some oxides, such as LaNbO4, as Equation 2.12 states [67, 68].

H2O(g) + (Nb2O7)
··
2NbO4

= 2(HNbO4)
·
NbO4

(2.12)

Apart from taking protons from water, protons can also be taken directly from dry hy-
drogen gas, as in Equation 2.13 [62, 69].

H2(g) + 2O×
O = 2OH·

O + 2e′ (2.13)

This was first reported for ZnO in the 1950s and, more recently, in SmNiO3 [70, 71].
This mechanism is usually unfavoured for electrolytes due to the parasitic electronic
conductivity. However, some latest works have found that electronic conductivity can
be suppressed by electron/hole localisation via the Mott transition [71–73].

It is worth mentioning that the above contents still overlook the complicated surface
interaction (water absorption, dissociation, and so on). These surface interactions pri-
marily depend on electrodes and are beyond the scope of this work.

2.1.2 Proton solubility

The equilibrium constant of hydration (KW) in Equation 2.1 can be expressed from a
thermodynamic perspective as Equation 2.14.

kBTlnKW = T∆S − ∆H (2.14)
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Where kB is the Boltzmann constant (1.380649×10−23 J·K−1), and ∆S and ∆H are the
standard hydration entropy and enthalpy changes. Experimental ∆S values are neg-
ative in the range of -80 to -160 J/mol·K in oxides, dominated by the entropy loss of
water vapour or steam [59]. Considering that Equation 2.1 is the sum of Equation 2.5
and 2.11, ∆H in Equation 2.14 is governed by the enthalpy change of proton dissolution
and oxygen vacancy formation, while the latter is dominant and makes ∆H negative
[59]. This indicates that oxygen vacancy formation is preferred in the high-temperature
range, while hydration is preferred in the low-temperature range. Therefore, a balance
between acceptable hydration capacity and sufficient oxygen vacancy concentration
for a proton-conducting electrolyte has to be met at the operating temperature range
(400-700 ◦C).

To increase the proton solubility at a fixed temperature, a proton-conducting oxide
would need a more negative ∆H. This means a higher oxygen site basicity realised
by reasonable material selection. A cation or a dopant with a lower electronegativity
will result in a higher oxygen site basicity [74–76]. For example, the proton solubility
of BCY is about six times higher than BZY due to the higher basicity of oxygen sites
bonding with Ce cations [74].

Apart from basicity, crystal symmetry is another factor strongly affecting proton solu-
bility. Different oxygen sites may result in selected hydration among those sites, thus
reducing the proton solubility [74, 77, 78].

2.1.3 Proton transport

There are two distinct proton transport mechanisms: the vehicle and hopping mecha-
nisms. H/D isotope effect measurements can determine the proton transport mecha-
nism [79]. In the vehicle mechanism, the size and mobility differences between protons
and deuterons are negligible, resulting in similar performances. In contrast, this iso-
tope effect becomes more significant for the hopping mechanism. The transport of
proton by vehicles, such as OH−, H3O+, and NH+

4 , is mainly applicable in liquids and
hydrides [59, 80]. For proton-conducting oxides, proton transport was described by
the hopping mechanism (also known as the Grotthuss mechanism) [81].

After hydration, the Grotthuss mechanism includes two steps: (1) proton rotation and
reorientation locally around the bonding oxygen ion; (2) proton transfers to a neigh-
bouring oxygen ion [48, 82]. The energy barrier of the first step is less than 0.1 eV. On
the other hand, the second step has a higher activation energy, usually larger than 0.5
eV, which suggests that it is the rate determining step [48, 59, 74, 77, 82].
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The activation energy of the transfer step decreases as the distance between two neigh-
bouring oxygen ions decreases. The structural O-O distance is usually 290 to 310 pm,
while the O-H bond length is slightly smaller than 100 pm [74, 83]. Assuming a hy-
drated oxygen ion and its neighbouring oxygen ion are placed linearly, a transient
O-H· · ·O bond is formed with a variable bond length due to thermal vibration. If the
O-O distance is reduced to below 280 pm by the transient O-H· · ·O bond formation,
the energy barrier of the proton transfer step could be reduced to even below 0.15 eV
[77]. The energy barrier vanishes when the O-O distance is reduced to below 240 pm,
resulting in tunnelling [59, 77].

However, the cation repulses the proton away from linear O-H· · ·O configuration when
O-O distance is below 250 pm, dramatically increasing the energy barrier for the re-
orientation step [74, 77]. Therefore, an optimal O-O distance is around 260 to 280 pm.
Figure 2.1 shows an example of the Helmholtz energy of proton transport as a function
of the O-O distance, where the negative value means thermodynamically favourable
[74].

FIGURE 2.1: Helmholtz energy of proton transport of BaCeO3 as a func-
tion of the O-O distance and the O-H· · ·O bond length. Reproduced

from [74] with permission from Elsevier.

From a material selection perspective, some criteria are critical for a suitable proton-
conducting oxide with high proton mobility. Since a proton can only rotate and transfer
in free space, a large free lattice volume is favourable, resulting in a lower activation
energy [84]. A large free lattice volume also means a longer cation-oxygen ion bond
length, which reduces the cation-proton repulsion [74, 77].
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In addition, more neighbouring oxygen ions make proton transport easier. The ac-
tivation energy of proton transport in MO6 octahedra is significantly lower than in
MO4 tetrahedra or MO5 pentahedra, where "M" represents the metallic cation [85].
Therefore, proton-conducting oxides prefer the MO6 octahedra (corner-sharing oxy-
gen framework) [84].

FIGURE 2.2: Proton migration pathways and their energy barriers in (a)
Y-Zr-Y configuration and (b) Y-Zr-Zr configuration. Reproduced from

[86] with permission from Springer Nature.

Moreover, crystal symmetry strongly affects proton transport, similar to what is dis-
cussed in Section 2.1.2. High symmetry minimises the difference in activation energy
between each proton transport event, reducing the average activation energy [77]. In
comparison, low symmetry leads to a long-range isotropic proton transport pathway
breaking into isolated short-range anisotropic pathways, resulting in high-energy bar-
riers between each pathway [78]. Local distortion caused by low symmetry might re-
duce the O-O distance below 240 pm, resulting in a dramatically increased activation
energy of the reorientation step [78].

Crystal symmetry affects more than oxygen sites. The trapping or association effect
also strongly correlates with crystal symmetry. This effect describes the association
between negatively charged immobile dopants and positively charged charge carriers
(V··

O or OH·
O), which reduces the protonic conductivity [87]. Simulation studies found

that an ordered local structure facilitates proton transport by reducing local energy
barriers that hop protons [86, 88]. For example, Figure 2.2 shows that the local energy
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barriers of proton hopping along oxygen sites adjacent to the Y-Zr-Y configuration
(0.55 eV) are higher than those of the neighbouring Y-Zr-Zr configuration (0.35 eV) in
BZY [86, 88]. Therefore, the protonic conductivity is enhanced because an ordered local
structure possesses fewer Y-Zr-Y configurations.

2.1.4 Proton transport through grain boundary

The role of grain boundaries for proton transport is highly controversial. Due to the
inevitable structural distortions, the grain boundaries are generally found to be highly
resistive [77]. Many researchers tried to explain this high resistance using the space-
charge layer theory [89, 90]. In this theory, the grain boundary is consistent with the
grain boundary core and two adjacent space-charge layers. The width of the grain
boundary cores is typically estimated to be around 1 nm, while the space charge layer
can permeate further with a width of 4-5 nm [90–93].

For acceptor-substituted oxides, oxygen vacancies accumulate in the grain boundary
core (oxygen vacancies accumulation zone). In contrast, oxygen vacancies are depleted
in adjacent space-charge layers (oxygen vacancy depletion zone) [90]. The cations are
also redistributed in the grain boundaries to balance the charge. Figure 2.3 shows the
schematic diagram of the space charge layer in the grain boundary [94, 95]. This severe
depletion of the charge carrier in the space charge layers results in a high potential
barrier, causing the reduction of the protonic conductivity in the grain boundaries as in
BZY [90, 96]. A recent study found that segregation of dopants in the grain boundaries
could mitigate oxygen vacancy depletion in the space-charge layer, increasing protonic
conductivity at the grain boundary [88, 97].

However, others reported that hydrated oxygen ions in grain boundary cores could
realise fast and selective protonic conductivity along grain boundaries, such as in nano-
yttria-stabilised zirconia (YSZ) [90, 98]. Moreover, Sha et al. reported that acceptors
accumulate in the grain boundary cores instead of oxygen vacancies, resulting in fast
ionic conductivity along the space-charge layers [92]. Some researchers even argued
that the large void in the grain boundaries can realise vehicular proton transport [99].

Despite successfully explaining the protonic conductivity along the grain boundaries,
many researchers still doubted that the effect of the space charge layer, if it exists, is
negligible [96, 100]. They claimed that the segregation of impurities, such as silicon, in
grain boundaries, even at the ppm level, acts as a blocking layer, dramatically reducing
the protonic conductivity [96, 100, 101].
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FIGURE 2.3: (a) Polycrystalline perovskite morphology, (b) enlarged
grain boundary area, and (c) detailed schematic diagram. Reproduced

from [94] with permission from American Chemical Society.

2.1.5 Hydride conductivity

In the past, hydride (H−) conductivity had only been reported in a few metal hydrides
[102, 103]. Recently, fast conductivity of hydrides has been revealed in many oxyhy-
drides, such as La2LiHO3 [104–106]. H− is lighter and has a lower charge density than
O2− with a similar ionic radius (∼1.46 Å), achieving a fast hydride conductivity [105,
107]. In addition, hydrides can be taken directly from the dry hydrogen atmosphere as
in Equation 2.15 [103].

H2(g) + 2M×
M + 2e′ = 2MH′

M (2.15)

Where M represents the metallic cations. The resulting electrons were proposed to be
trapped in the F-centres [103]. It is worth mentioning that there has long been specu-
lation that hydrides exist widely in proton-conducting oxides, especially under hydro-
gen atmospheres, as Equation 2.16 [108, 109].

H2(g) + M×
M + O×

O = MH′
M + OH·

O (2.16)

However, the deconvolution of proton and hydride transport can be challenging as
both show the H/D isotope effect [109].
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2.1.6 Summary

The proton-conducting mechanism in oxides is summarised schematically in Figure
2.4 [48]. An excellent proton-conducting oxide should have high crystal symmetry
with fewer defects or local distortions and a sizeable void space. The dopant selection
should ensure a high oxygen vacancy concentration and a high oxygen site basicity.
Ideally, proton-conducting oxides should form a corner-sharing oxygen framework,
which facilitates proton transport. The grain boundary can be the primary source of
resistance. Therefore, the preparation and sintering process should be optimised for
polycrystalline oxides to reduce the grain boundary resistance. A brief review of the
material aspect will be given in the next section.

FIGURE 2.4: The proton-conducting mechanism in the ABO3 perovskite
structure. Reproduced from [48] with permission from Royal Society of

Chemistry.

2.2 Conventional proton-conducting oxides

2.2.1 Perovskite type oxides

Acceptor-substituted barium cerates (BaCeO3) are one of the first reported proton-
conducting oxides [110, 111]. After decades of searching for proton-conducting oxides,
BaCeO3-based materials still exhibit the highest protonic conductivity among other
oxides [48]. This type of oxide has a cubic perovskite structure (ABO3, Pm3m, #221)
with many non-cubic variants, as shown in Figure 2.5 [112, 113]. The A-site cation is
12-coordinated, while the B-site cation is 6-coordinated. The Goldschmidt tolerance
factor, t, can empirically predict the structure as Equation 2.17 [114].

t =
rA + rO√
2(rB + rO)

(2.17)
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Where rA, rB and rO are the ionic radius of A and B site cations and oxygen ions,
respectively. The tolerance factor of a cubic perovskite typically falls in the range of 0.9-
1.0, while the factor reduces to 0.7-0.9 for a near-cubic orthorhombic or rhombohedral
perovskite [114, 115]. Meanwhile, this tolerance factor can also be used to estimate the
compatibility of dopants. The change of tolerance factor should be small to maintain
the structure. The high crystal symmetry and corner-sharing oxygen framework of
perovskite oxides offer favourable prerequisites for proton transport.

FIGURE 2.5: The structure of a BaCeO3 cubic perovskite with Ba cation
in A-site (green) at the centre surrounded by eight CeO6 (yellow/red)
octahedra. This figure is generated based on [112, 113] using VESTA

software [116].

Trivalent acceptor dopants, such as yttrium, are commonly substituted into the Ce-
site to introduce oxygen vacancies. The protonic conductivity of BCY increases with
increasing dopant concentration and then decreases, with a maximum reported con-
ductivity of 6.7×10−2 S/cm at 1000 ◦C under wet hydrogen atmospheres at the dopant
concentration of 20% [49]. However, as Equations 2.18 and 2.19, BCY demonstrates
low chemical stability in wet and acidic atmospheres and increased electronic conduc-
tivity in reducing atmospheres, which hinders its application.

BaCeO3 + H2O(g) = Ba(OH)2 + CeO2 (2.18)

BaCeO3 + CO2(g) = BaCO3 + CeO2 (2.19)

Acceptor-substituted barium zirconates (BaZrO3), on the other hand, exhibit better
chemical stability due to the shorter and stronger Zr-O bonds compared with Ce-O
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bonds [48]. BZY exhibits one of the highest bulk proton conductivities, with an accept-
able chemical stability [117]. However, it requires a high sintering temperature (1800-
2000 ◦C), which drives the acceptor to segregate along grain boundaries resulting in a
large grain boundary resistance [48].

To balance BCY’s poor chemical stability and BZY’s low total protonic conductivity, a
series of single-phase BCY-BZY mixed oxides has been prepared and widely studied.
However, the properties of this type of material strongly depend on precise controls of
substitution levels and preparation conditions, which can be challenging.

In addition to BCY-based and BZY-based materials, there are increasing research inter-
ests and reports in SmNiO3-based materials. Nickel is widely regarded as an anodic
element due to its multivalent nature and is unsuitable for electrolytes. However, Zhou
et al. found that electrons can be localised via the Mott transition (metal-insulator tran-
sition), where the on-site electron-electron correlation potential suppresses the elec-
tronic conductivity [71, 72]. Therefore, protons can be incorporated directly from dry
hydrogen atmospheres without parasitic electronic conductivity, as Equation 2.20.

Ni3+ + O×
O +

1
2

H2(g) = Ni2+ + OH·
O (2.20)

2.2.2 Perovskite-related oxides

As the substitution strategy inevitably introduces local structural distortion, which can
significantly decrease protonic conductivity, oxides with structural (intrinsic) oxygen
vacancies are of interest. Most of these oxides exhibit crystal structures derived from
the perovskite structure, giving perovskite oxides flexible structural tunability. For ex-
ample, brownmillerite oxides (A2B2O5 = ABO2.5, Imma, #74) possess one-sixth of oxy-
gen deficiency [48]. Protonic conductivity has been reported in one of the brownmil-
lerite oxides, Ba2In2O5 [118]. However, its ordered oxygen vacancy framework raises
a significant trapping effect, preventing fast ionic conductivity [49]. The crystal struc-
ture of Ba2In2O5 undergoes a first-order phase transition to a cubic perovskite phase
around 930 ◦C, resulting in a disordered oxygen vacancy framework and the corre-
sponding fast ionic conductivity [119]. Researchers have tried to use the substitution
strategy to stabilise the high temperature phase at lower temperatures [120]. How-
ever, it brings back the issue of local structural distortion, making this material less
appealing.

Another research interest is in SrCoO3-based materials. The application of an elec-
tric field allows the perovskite phase SrCoO3 to be transformed to the brownmillerite
phase SrCoO2.5, resulting in significant oxygen vacancies for hydration [121, 122].
However, the phase stability of SrCoO2.5 and hydrated SrCoO2.5 awaits exploration.
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Figure 2.6 compares the ionic conductivity of a series of solid oxide electrolytes, where
the hydrated SrCoO2.5 presents a significantly higher protonic conductivity at much
lower temperatures [123].

FIGURE 2.6: Comparison of ionic conductivity of a series of solid ox-
ide electrolytes. The solid line shows the protonic conductivity of the
proton-conducting oxides, while the dashed line indicates the oxygen
ionic conductivity of the comparative oxides. The arrow shows the op-
timising direction of solid oxide electrolytes, i.e., higher ionic conduc-
tivity at lower working temperatures. Reproduced from [123] with per-

mission from Springer Nature.

2.2.3 Fluorite type oxides

Fluorite oxides (ABO2, Fm3m, #225), such as YSZ and gadolinium-doped ceria (GDC),
are mainly considered as oxygen ion conductors with negligible protonic conductivity.
However, as discussed in section 2.1.4, a selective grain boundary protonic conduc-
tivity reveals the potential of nanostructured YSZ and GDC to be proton-conducting
oxides [60]. Figure 2.7 shows that this protonic conductivity prevails only below 120
◦C, increasing dramatically with a decrease in grain size [60, 98]. Nano-YSZ shows a
protonic conductivity dominated by absorbed water molecules via the vehicle mech-
anism in zone 1 [60]. Meanwhile, it exhibits proton transport in the form of hydroxyl
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species via the Grotthuss mechanism in zone 2 [60]. The protonic conductivity is neg-
ligible in zone 3 [60]. Studies also indicated that protonic conductivity is invariant to
the concentration of the dopant in the bulk, indicating selective conductivity through
grain boundaries [124].

In addition to protonic conductivity through the grain boundary, recent studies have
reported interfacial/surface protonic conductivity, especially in porous YSZ [125, 126].
A layered absorption of water on the surface of the oxide has been found, which con-
sists of chemisorbed water layers and physisorbed water layers [126]. Apart from tem-
perature dependence, interfacial/surface proton transport exhibits relative humidity
(RH) dependence. It is through the Grotthuss mechanism in the chemisorbed water
layers at <60% RH and change to the vehicle mechanism in the physisorbed water
layers at ≥60% RH [126].

FIGURE 2.7: The total conductivity of nano-YSZ with different grain
sizes measured under wet air (∼2.5% RH). Reproduced from [60, 98]

with permission under a Creative Commons CC BY Licence.

2.2.4 Fluorite-related oxides

Rare-earth tungstates such as La5.8WO11.7 exhibited a recorded protonic conductivity
of ∼5×10−3 S/cm at 900 ◦C under wet hydrogen atmospheres [127]. These tungstates
are not single-phase oxides, but solid solutions with a general composition of La6WO12
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and a cubic structure related to fluorite [48]. Acceptor substitution strategies have been
used to increase the oxygen vacancies. However, the high electronic conductivity and
degradation to form La2O3 impurities through hydration make La6WO12-based oxides
not suitable for proton-conducting electrolyte applications [128]. However, some stud-
ies intended to increase the electronic conductivity by substituting W6+ with Mo6+ for
hydrogen separation membrane applications, where the electronic conductivity should
be sufficient [128].

2.2.5 Summary

Although promising progress has been made in optimising and manufacturing con-
ventional perovskite and fluorite oxides, they still demand further improvements to
meet the requirements for commercialisation. Each material has its advantages and
disadvantages. Perovskite oxides generally suffer from degradation issues and high
grain boundary resistances, while fluorite oxides raise manufacturing challenges to
nano-crystallisation. Nevertheless, studies of these conventional proton-conducting
oxides deepen the understanding of the fundamental mechanism, which guides and
stimulates new research interests in searching for new types of proton-conducting ox-
ides.

2.3 Fergusonite-scheelite type oxides

While some strive to optimise conventional proton-conducting oxides, others start ex-
ploring the edge of new materials. One of these new oxides is fergusonite–scheelite
type oxides (ABO4), such as LaNbO4, which exhibit excellent chemical stability, espe-
cially in CO2-containing atmospheres [54, 55]. Pristine LaNbO4 presents a monoclinic
fergusonite phase (C2/c or I2/a, #15, denoted as m-LaNbO4) in RT and undergoes
a phase transition to a tetragonal scheelite phase (I41/a, #88, denoted as t-LaNbO4)
around 500 ◦C [129]. The phase transition was initially proposed as a second-order
transition due to a continuous volume change near the transition temperature range
[129, 130]. However, recent studies found the coexistence of the monoclinic and tetrag-
onal phases, suggesting a pseudo-second order phase transition with first-order phase
transition natures [131, 132].

In LaNbO4, La cations have an 8-fold coordinated environment in both phases, while
Nb cations present a 4-fold coordinated environment in the t-LaNbO4 and a 6-fold
coordinated environment in the m-LaNbO4 [131]. Figure 2.8 shows the relationship
between NbO4 tetrahedra and NbO6 octahedra, where the latter can be considered as a
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distorted NbO4 tetrahedra with two longer Nb-O bonds forming corner-sharing NbO6

octahedra along the c axis [131].

FIGURE 2.8: Distorted NbO6 octahedra (left) possesses four short Nb-O
bonds similar to NbO4 tetrahedra (middle) and two long Nb-O bonds,
forming a corner-sharing configuration along c axis. Grey and green
balls and dark green polyhedra denote O2−, La3+ and NbO4/NbO6
polyhedra, respectively. Reproduced from [131] with permission from

Elsevier.

In 2006, Haugsrud et al. reported the first case of protonic conductivity in 1% Ca-
substituted LaNbO4 with a protonic conductivity recorded of ∼1 mS/cm at 950 ◦C
under wet air [54, 55]. Ca substitution introduces oxygen vacancies through Equation
2.3, allowing hydration and corresponding proton transport as Equation 2.1 [54, 55].
Some also proposed the hydration process via complex defect species or associations,
such as Equation 2.12 [67, 68].

Later, a study of density functional theory (DFT) revealed that proton transport is
highly anisotropic along the ab in-plane, as shown in Figure 2.9 [133]. For t-LaNbO4,
the energy barriers of the proton transport path are 0.04 eV, 0.06 eV, and 0.41 eV for
the ab in-plane paths 1, 2 and 3, respectively, while the energy barrier is 0.74 eV for the
c out-of-plane path 4 [133]. Due to the lower symmetry of m-LaNbO4, the cation lay-
ers are divided into two types with different layer distances, resulting in non-identical
oxygen sites (O1 and O2 sites) [133]. Therefore, for m-LaNbO4, the energy barriers of
the ab in-plane paths 1’, 2’ and 3’ are 0.04 eV, 0.17 eV, and 0.62 eV, respectively, while
the energy barriers of the c out-of-plane paths 4’ and 5’ are 0.94 eV and 1.55 eV, re-
spectively. The results suggested that proton transport becomes more anisotropic in
m-LaNbO4 [133]. It is worth mentioning that the m-LaNbO4 structure was calculated
at 0 K with NbO4 tetrahedra, which is not directly comparable to the structure of m-
LaNbO4 with NbO6 octahedra at RT [133].

The above promising results ignited more research on optimising the performance of
LaNbO4 through different doping strategies, as shown in Table 2.1. It is suggested
that the proton conductivity of acceptor-substituted LaNbO4 is limited mainly by the
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FIGURE 2.9: Proton transport paths 1-4 in (a) t-LaNbO4 and 1’-5’ in
(b) m-LaNbO4 (0 K). The green balls and green polyhedra denote La3+

cations and NbO4 tetrahedra, respectively, while the black, white and
grey balls denote the stable proton sites in both phases. The layer dis-
tance ratio between O1 and O2 in m-LaNbO4 is 3:2. Reproduced from

[133] with permission from Royal Society of Chemistry.

low substitution solubility. The significant grain boundary resistance makes the total
proton conductivity even lower [134]. On the other hand, donor-substituted LaNbO4

generally shows much higher solubility, but the proton conductivity is negligible as
donors cannot introduce oxygen vacancies.

Another main issue is the fergusonite–scheelite phase transition of LaNbO4 with dif-
ferent thermal expansion coefficients. Figure 2.10 shows the fergusonite and scheelite
structure of pristine LaNbO4 with the corresponding linear thermal expansion coeffi-
cient [135]. This expansion difference leads to a thermal expansion mismatch between
the electrolyte and adjacent layers (electrodes or interlayers), causing mechanical fail-
ure during thermal cycles [129].

Further studies found that, empirically, the high temperature tetragonal scheelite phase
can be stabilised by substituting B-site cations with a higher electronegativity and a
smaller ionic radius than Nb5+, such as W6+ and Mo6+ [136, 137]. Table 2.1 also sug-
gests that the solubility limit of these cations is much higher. This phase stabilisation
capability with such high dopant solubility is intriguing.

However, as mentioned above, previous studies found that the proton conductivity of
W- and Mo-substituted LaNbO4 is negligible because W6+ and Mo6+ are donors that
introduce interstitial oxygen ions instead of oxygen vacancies [138, 139]. Given the
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multivalent nature of these cations, reducing W6+ and Mo6+ to the oxidation state be-
low +5 could potentially introduce oxygen vacancies, thereby achieving protonic con-
ductivity under reduced atmospheres. This oxidation state-templated protonic con-
ductivity is not a new concept but has been reported for some perovskite oxides such
as SmNiO3 and SrCoO3 [71, 72, 121, 122].

FIGURE 2.10: Linear thermal expansion of pristine LaNbO4 and its cor-
responding monoclinic and tetragonal phase structures. Red and green
balls and blue polyhedra denote O2−, La3+ and NbO4 tetrahedra, re-
spectively. Reproduced from [48, 49, 135] with permission from Royal

Society of Chemistry.

Until now, only one similar study has been reported suggesting a simultaneous in-
crease in ionic and electronic conductivity in multivalent Sm2+/Sm3+, Gd2+/Gd3+

and Yb2+/Yb3+ substituted LaNbO4 [140]. However, this work did not separate pro-
tonic and oxygen ionic conductivity, which weakens the argument of realising protonic
conductivity under reducing atmospheres [140]. Moreover, the multivalent elements
in these studies have only two oxidation states (+2/+3), compensating by introduc-
ing or not oxygen vacancies. In the W6+ and Mo6+ cases, they have at least three
common oxidation states (+4/+5/+6), allowing for potentially more complicated an-
ion compensation situations from oxygen vacancies to interstitial oxygen ions. Such
complexities indicate more tunable conductivities among protonic, oxygen ionic (in-
terstitial oxygen ions or oxygen vacancies), electronic, and mixed conductivities based
on oxidation states.
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TABLE 2.1: Summary of single substituted LaNbO4 reported up to now.
Complicated co-substitution or multi-substitution cases are omitted. σe
and σp denote electronic and protonic conductivity, respectively. Aster-
isk (*) marks dopants without available solubility data, and the reported

highest substitution level was listed instead.

Dopant Substitution site Dopant solubility Drawbacks Reference

Ca2+ La3+ 2% low solubility [54, 55]
Sr2+ La3+ 1% low solubility [137, 141, 142]
Ba2+ La3+ 2% low solubility [142]
Mg2+ La3+ 2% low solubility [143]
Zn2+ La3+ 1% low solubility [144]

Sm2+/3+ La3+ 10%* increased σe [140]
Gd2+/3+ La3+ 10%* increased σe [140]
Yb2+/3+ La3+ 10%* increased σe [140]
Tb3+/4+ La3+ 30%* negligible σp [145]
Pr3+/4+ La3+ 30%* negligible σp [146]
Ce3+/4+ La3+ 30%* negligible σp [147]

Ga3+ Nb5+ 3% low solubility [56]
Ti4+ Nb5+ 3% low solubility [56]
Si4+ Nb5+ 3% low solubility [56]
Ge4+ Nb5+ 3% low solubility [56]
Al3+ Nb5+ 3% low solubility [56]
Zr4+ Nb5+ 2% low solubility [56]
Ta5+ Nb5+ 40% negligible σp [130]
V5+ Nb5+ 30%* negligible σp [136, 148]
Sb5+ Nb5+ 30%* negligible σp [136, 148, 149]
As5+ Nb5+ 30%* negligible σp [136]
W6+ Nb5+ 20% negligible σp [150, 151]
Mo6+ Nb5+ 30% negligible σp [139, 152]
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2.3.1 Hexavalent-substituted lanthanum orthoniobates

The hexavalent-substituted lanthanum orthoniobates can be written as Equation 2.21
and Equation 2.22.

2WO3 + 2Nb×Nb = 2W ·
Nb + Nb2O5 + O′′

i (2.21)

2MoO3 + 2Nb×Nb = 2Mo·Nb + Nb2O5 + O′′
i (2.22)

There are abundant studies on the crystal structure and the tetragonal phase stabil-
ising capability of W- and Mo-substituted LaNbO4 [150–152]. Herein, W- and Mo-
substituted LaNbO4 are denoted below as LNW and LNMo, respectively. The number
will be added for W- and Mo-substituted LaNbO4 with a specific substitution level. For
example, 10% Mo-substituted LaNbO4 (LaNb0.9Mo0.1O4.05) is denoted as LNMo10.

Figure 2.11 shows the phase diagrams of LNW and LNMo, indicating the tetragonal
scheelite phase can be stabilised at RT with ≥16% of W6+ or ≥20% of Mo6+ substitu-
tion [151, 152]. However, the actual phases of LNW and LNMo are sensitive to sinter-
ing and any followed heat treatment conditions [152, 153]. Auckett et al. found that
the lattice parameters of LNMo20 are not fully reversible after a thermal cycle [152].
This hysteresis effect is likely due to the slow phase transition kinetics, which traps the
tetragonal phase at a lower temperature [152].

FIGURE 2.11: Phase diagrams of (a) LNW and (b) LNMo. Both phases
were evaluated via in-situ X-ray powder diffraction (XRD) technique.
Two temperature points extrapolated from dilatometry analysis are
marked as "×" on the phase diagram of LNW. Reproduced from [151]
with permission from American Chemical Society, and from [152] with
permission under a Creative Commons Attribution-NonCommercial

3.0 Unported Licence.
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In addition to the phase stabilising capacity, both LNW and LNMo have incommensu-
rately modulated structures [151, 152]. The modulated structure describes the deriva-
tion from the ideal lattice sites with superimposed long-range-ordered lattice periodic-
ity, as shown in Figure 2.12 [47, 154, 155]. If this long-range-ordered lattice periodicity
equals integral n-times of the primary lattice periodicity, then it is called the commen-
surately modulated structure [154]. If not, it is called the incommensurately modulated
structure [154]. Therefore, the conventional lattice notation system cannot describe the
modulated structure. De Wolff et al. developed the super-lattice approach to fully de-
scribe the modulated structure, where an additional lattice vector qi = ha∗ + kb∗ + lc∗

is introduced [156, 157]. The simplest example is presented in Figure 2.12(b) with the
additional lattice vector qi = ha∗. This case is called (3+1)D commensurately modu-
lated structure.

FIGURE 2.12: Schematic diagrams of (a) an ideal crystal lattice, (b)
the (3+1)D-commensurately modulated structure along a axis, (c) the
(3+1)D-incommensurately modulated structure along a axis, and their
corresponding reciprocal lattice point patterns, respectively. Adapted

from [47, 155] with permission from Imperial College London.

XRD and selected area electron diffraction (SAED) techniques can evaluate the modu-
lated structure presented as satellite peaks/reflections, as shown in Figure 2.13. Stud-
ies on CeNbO4+δ proposed that the modulated structure in scheelite oxides is highly
correlated with interstitial oxygen ions [158, 159]. The modulated structure also sub-
stantially impacts conductivity and other properties [47]. For example, Han et al. found
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that the modulated structure in LNMo10 negatively affects the oxygen ionic conduc-
tivity [160]. The activation energy of 1.53 eV in modulated LNMo10 is significantly
higher than that of 0.64 eV in unmodulated LNMo10 [160]. This poorer performance
is likely due to the reduced symmetry of the modulated structure [160].

FIGURE 2.13: (a) XRD pattern of pristine LaNbO4 and LNW08. The
insert shows the satellite peaks marked as "asterisk" (*) from the modu-
lated structure. (b) SAED pattern of LNW08 from [010] zone axis. The
satellite reflections from the modulated structure are clearly observed.
The estimated additional lattice vectors are q1 = 0.263a∗ + 0.106c∗ and
q2 = 0.082a∗ + 0.243c∗. Reproduced from [138] with permission from

Elsevier.

2.3.2 Hexavalent-substituted lanthanum orthoniobates as ionic con-

ductors

LNW and LNMo are good oxygen ion conductors due to the presence of interstitial
oxygen ions. Li et al. studied the conductivity of LNW with a series of substitution
levels (1%, 8%, 12% and 16%) under ambient conditions [161]. The results suggested
that LNW is a pure oxygen ion conductor, while LNW08 reaches the highest conduc-
tivity, as shown in Figure 2.14 [161]. The oxygen ion conductivity in LNW is achieved
through an interstitialcy mechanism, indicating a similar mobility between interstitial
oxygen ions and lattice oxygen ions, as shown in Figure 2.15(c) [161]. In addition, sim-
ilar activation energies listed in Table 2.2 suggest that modulated structure rather than
substitution level mainly governs conductivity [47]. Canu et al. proposed an increased
electronic conductivity of LNW16 under hydrogen atmospheres due to the reduction
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of W6+ cations [153]. However, direct measurement of the oxidation state was miss-
ing and this hypothesis did not explain the conductivity behaviour under hydrogen
atmospheres.

FIGURE 2.14: Total conductivity of LNW with a series of substitution
levels (1%, 8%, 12% and 16%) under the ambient condition. The sep-
arate solid lines in LNW08 represent the activation energy difference
between unmodulated and modulated scheelite structures, while such
difference is diminished in LNW16. Reproduced from [161] with per-

mission from Royal Society of Chemistry.

Meanwhile, Johansen et al. reported the formation of LaNb0.95W0.05O4+δ−xHx oxy-
hydride via the reaction between LNW05 and CaH2 [162]. XRD, gas phase analysis
(GPA), and thermogravimetric analysis (TGA) strongly indicate the presence of hydro-
gen in LNW05 after reaction [162]. Although this study indicates the potential of LNW
as a protonic conductor, it neither offers conclusive evidence of oxyhydride formation
nor conducts the study of potential hydride conductivity.

In addition to the experimental results, DFT and molecular dynamics (MD) studies
provided a theoretical description of the oxygen ionic conductivity in LNW at the
atomic level [163, 164]. The interstitial oxygen ion in t-LaNbO4 prefers to be located
between two NbO4 tetrahedra, forming a Nb2O9 unit [164]. In LNW cases, the inter-
stitial oxygen ion should prefer to form a Nb2O9 or W2O9 or NbWO9 unit, assuming a
random distribution of dopants [163].

Figure 2.16 shows two short interstitial oxygen ion transport paths through the inter-
stitial mechanism along the ab plane and one long interstitial oxygen ion transport path
through the interstitialcy mechanism along the c axis [164]. However, in contrast to the
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FIGURE 2.15: Schematic diagrams of different point defect conduction
mechanisms. The solid blue balls represent the lattice oxygen ions, and
the dashed balls represent the oxygen defects. (a) and (b) represent the
typical vacancy and interstitial mechanisms, respectively. The oxygen
vacancy and interstitial oxygen site are labelled as "v" and "i", respec-
tively. (c) represents the interstitialcy mechanism, where the initial in-
terstitial oxygen ion (1) occupies the lattice oxygen site (2), "kicking out"

the lattice oxygen ion to become a new interstitial oxygen ion (2’).

reported anisotropic proton conductivity in LaNbO4, the long-range pathways along
the ab plane in Figure 2.16(a) and along the c axis in Figure 2.16(b) present the simi-
lar energy barriers of ∼0.40 eV, indicating the isotropic oxide-ion conductivity [164].
These simulation works also suggested that the reduced conductivity in LNW with
high substitution levels is likely due to the trapping effect [163, 164]. In contrast, this
effect should be suppressed more in LNMo [164].

TABLE 2.2: The activation energy of LNW with a series of substitution
levels (1%, 8%, 12% and 16%). The activation energy reduces at around
600 ◦C. Reproduced from [47] with permission from Imperial College

London.

Composition Ea at low T (eV) Ea at high T (eV)
LNW01 1.21±0.03 1.05±0.01
LNW08 1.58±0.01 0.89±0.05
LNW12 1.49±0.02 1.29±0.03
LNW16 1.43±0.02

To my knowledge, there are only two publications on LNMo [139, 152]. Auckett et al.
investigated the total conductivity of LNMo16 and LNMo20, which are higher than
that of LNW16 and LNW20, suggesting the suppressed trapping effect [152]. DFT sim-
ulations revealed that a similar interstitialcy mechanism dominated interstitial oxygen
ion transport to LNW [152].

Cao et al. reported the reduction of Mo6+ cations in LNMo20 under reducing atmo-
spheres, transforming the tetragonal phase into the monoclinic phase analogous to the
pristine LaNbO4 [139]. This reduction is fully reversible [139]. The total conductivity
in reduced atmospheres is three orders higher than in ambient conditions due to the
enhancement of electronic conductivity [139]. The oxidation states of the Mo6+ cations
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were proposed to reduce to below +4, indicating the potential creation of oxygen va-
cancies [139]. However, reduced oxidation states were examined only by X-ray photo-
electron spectroscopy (XPS), which provides the surface (≤10 nm) compositional and
redox information [139]. The actual oxidation states in the bulk of LNMo20 remain
unknown. Furthermore, this work claimed that LNMo20 is a mixed oxygen ionic,
protonic, and electronic conductor despite the negligible difference in conductivity be-
tween dry and wet conditions [139]. This contradiction weakens the credibility of the
argument, requiring a profound re-evaluation.

Despite the insufficient research on LNW and LNMo, one can empirically conclude
that LNW has better phase stabilising capability while LNMo shows a higher ionic con-
ductivity. Therefore, Han et al. utilised the co-doping strategy in LaNb0.8WxMo0.2−xO4.1

(x = 0, 0.02, 0.04, 0.10, 0.16, 0.18, 0.20) to balance phase stabilisation capability and ionic
conductivity [165]. The results agree with the above empirical conclusion suggesting
that the tetragonal phase can be stabilised in RT when the W substitution level, x,
≥0.04, while the total conductivity increases with the increase in the Mo substitution
level [165]. Like LNW and LNMo, the modulated structure negatively affects the to-
tal conductivity, increasing the activation energy [165]. However, unlike LNW and
LNMo, having only one (3+2)D modulated structure, the (3+2)D and (3+1)D modu-
lated structures coexist on these co-doped LaNbO4 [165].

FIGURE 2.16: Two short interstitial oxygen ion transport paths via in-
terstitial mechanism along the ab plane, 1 and 3, and one long intersti-
tial oxygen ion transport path via interstitialcy mechanism along the c
axis, 4. The yellow and black balls represent the stable interstitial oxy-
gen sites, while the blue balls represent the transition interstitial oxygen
sites. For simplicity, the interstitialcy path 4 is represented by the blue
lines. Path 2 is excluded due to its unfavourable energy barrier. Repro-

duced from [164] with permission from Royal Society of Chemistry.



33

2.3.3 Summary

Lanthanum orthoniobates exhibit excellent chemical stability with acceptable ionic
conductivity. The protonic conductivity of the acceptor-substituted LaNbO4 is promis-
ing. However, the low solubility and the monoclinic-tetragonal phase transition hinder
the application of this type of material as a proton-conducting electrolyte.

A two-birds-with-one-stone strategy is the donor substitution in LaNbO4, showing a
higher solubility and stabilising capacity of the tetragonal phase. Although the modu-
lated structure in donor-substituted LaNbO4 negatively affects the ionic conductivity,
it also offers an excellent opportunity to understand the relationship between structure
and conductivity. Moreover, the modulated structure can be adjusted by changing sub-
stitution species and levels, which provides a wide templating ability of conductivity
in these materials.

Nevertheless, the drawbacks of donor substitution are significant. The substituted
donors are compensated by interstitial oxygen ions rather than by oxygen vacancies,
resulting in negligible hydration and the corresponding protonic conductivity. There-
fore, donor substitution in LaNbO4 was initially regarded a good oxygen ionic conduc-
tor. However, donor dopants such as W6+ and Mo6+ are multivalent, indicating the
potential of varying oxidation states in reducing atmospheres. This variation might
be crucial for the realisation of protonic conductivity. Although there are abundant
publications on the crystal structure and interstitial oxygen conductivity of LNW and
LNMo under ambient conditions, the study of these materials in reducing atmospheres
is largely overlooked.

Inspired by the potential and insufficient research on W- and Mo-substituted LaNbO4,
I will focus on exploring the crystal structures, oxidation states, and conductivities
of these materials in hydrogen atmospheres. Hopefully, this work could deepen the
understanding of W- and Mo-substituted LaNbO4, especially under hydrogen atmo-
spheres, and promote the search for proton-conducting oxides beyond acceptor-sub-
stituted oxides.
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Chapter 3

Methodology

3.1 Preparation

Commercial oxide powders, La2O3 (99.90%, Alfa Aesar), Nb2O5 (99.99%, Sigma-Aldrich),
WO3 (99.80%, Alfa Aesar), and MoO3 (99.95%, Alfa Aesar), were chosen as starting ma-
terials. Due to the hydration nature of La2O3, the raw powder could contain a level of
La(OH)3. Therefore, La2O3 was first dehydrated at 1000 ◦C for 12 hours [166]. Then,
all powders were weighed with an accuracy of 0.001 g and appropriately mixed in a
rotary ball mill with acetone (≥99%, VWR) for 24 hours. The mixture was first oven
dried at 95 ◦C for 48 hours and then calcined at 400 ◦C for 12 hours to completely re-
move acetone. The collected precursors were pressed to form pellets with a diameter
of 13 mm using a uniaxial press held at 360 MPa for 3 minutes. The pellet samples
were sintered at 1400 ◦C for 10 hours with a ramping rate of 10 ◦C/min. The pellet
samples were manually smashed, ground and passed through a 53-µm sieve to obtain
the powder samples.

The rest of the pellets were ground for the first time with successive grades of SiC
papers (Struers Ltd., UK). Then, they were polished sequentially to 0.25 µm using a
semi-automated polisher (TegraPol-15, Struers Ltd., UK) with water-based diamond
suspensions (Struers Ltd., UK). After polishing, the samples were ultra-sonicated in
acetone and deionised water, then calcined at 400 ◦C for 4 hours with a ramping rate of
10 ◦C/min. These two processes are used to remove contaminants introduced during
the grinding and polishing processes.

The hydrogen treatment was realised by annealing the pellet or powder samples under
1 bar of 5% H2 (5% hydrogen in nitrogen gas, BOC) in a tube furnace (TS1-1200, Car-
bolite Gero Ltd., UK). The tube was initially purged for at least 15 minutes to remove
residual air. The samples were then heated to 800 ◦C for 2 hours with a ramping rate of
10 ◦C/min. Humidity was controlled by pumping gas through a commercial gas dryer
(Drierite 26800 Drying column, pH2O ≈ 10−5 atm) for dry atmosphere or through an
external water bubbler at room temperature (pH2O ≈ 0.025 atm) for wet atmosphere.
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The sample preparation processes are summarised as a flow chart shown in Figure 3.1.

FIGURE 3.1: Flow chart of the sample preparation procedure.

3.2 Density measurement

The density of a solid sample (ρ) can be extracted by Equation 3.1.

ρ =
Wa·ρl

Wa − Wl
(3.1)

Where Wa and Wl are the weight of the solid sample in air and liquid, and ρl is the
density of the liquid. Considering the air buoyancy and instrumental error, Equation
3.1 can be rewritten as Equation 3.2.

ρ =
Wa·[ρl − ρa]

fi·[Wa − Wl]
+ ρa (3.2)
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Where ρa and fi are air density under ambient conditions and the instrumental correc-
tion factor, respectively.

In practice, the density of the pellet samples was measured using a laboratory bal-
ance (CP124S, Sartorius Ltd., UK) and the density determination kit (YDK 01, Sarto-
rius Ltd., UK). The instrumental correction factor, fi, is 0.99983 given by Sartorius Ltd.
First, the sample mass under ambient conditions was weighted. Then, the sample was
immersed in deionised water and boiled for 2 hours to remove air from the surface en-
tirely. After cooling down, the sample was transferred into the density determination
kit with deionised water, and the sample mass in the liquid was weighed. The tem-
perature reader recorded the liquid temperature during the measurements with 0.1
◦C accuracy. Both masses under ambient conditions and in the liquid were weighed
multiple times to reduce error.

3.3 X-ray related techniques

When an incident X-ray beam reaches a material, it will be scattered, absorbed, or
transmitted. Suppose that the scattering event is elastic, meaning that the scattered
X-ray beam only changes direction. This scattering is called coherent scattering. If
the recoil electron is generated during the scattering event, which reduces the energy
of the X-ray beam, this scattering is called incoherent scattering. Meanwhile, X-ray
absorption is caused by the valence electron hopping, resulting in a photoelectron,
Auger electron, or fluorescent X-ray. The outgoing X-ray beam and the electron emitted
contain essential information about the material. Therefore, multiple X-ray related
techniques have been developed for materials characterisation, summarised in Table
3.1.

TABLE 3.1: Summary of typical X-ray related techniques. Asterisk (*)
highlights the techniques used in this work.

Signal source Output signal Technique

Scattering Coherent scattering X-ray powder diffraction (XRD)*
Incoherent scattering -

Absorption

Photoelectron X-ray photoelectron spectroscopy
(XPS)*

Auger electron Auger electron spectroscopy
Fluorescent X-ray X-ray fluorescence spectroscopy

(XRF) &
X-ray absorption spectroscopy
(XAS-fluorescent)

Transmission Transmitted X-ray X-ray absorption spectroscopy
(XAS-transmission)*
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3.3.1 X-ray powder diffraction

FIGURE 3.2: Schematic representative diagram of Bragg’s law.

X-ray powder diffraction (XRD) is selective coherent scattering in a specific direction,
and it is one of the most powerful techniques for studying crystal structure. The co-
herently scattered X-ray beams are usually weak and featureless. However, given the
periodicity of the crystal materials, in some specific directions, the X-ray beams inter-
fere constructively with each other, resulting in intensive diffraction phenomena. The
well-known Bragg’s law has established the relationship between diffraction and crys-
tal structure shown in Figure 3.2 and Equation 3.3 [167].

2dsinθ = nλ (3.3)

Where n is an integer, λ is the wavelength of the incident X-ray beam, d is the inter-
planar distance of the hkl plane, and θ is the Bragg angle.

It is worth mentioning that scattered X-ray beams that fulfil Bragg’s law are not neces-
sarily observable. Bragg’s law only considers the Bragg angle, ignoring the diffraction
intensity. In some cases, the diffraction intensity might be eliminated by destructive
interference. Equation 3.4 shows the structure factor F(hkl), which governs constructive
or destructive interference.

F(hkl) =
N

∑
i=1

fiexp[2πi(hxi + kyi + lzi)] (3.4)

Where the unit cell contains N atoms, fi is the atomic scattering factor and xi, yi, zi are
the fractional unit cell coordinates.

3.3.2 X-ray powder diffraction refinement

The relative intensity of any diffraction peak can be calculated using Equation 3.5.

I = P·F2
(hkl)·

1 + cos22θ

sin2θcosθ
·e−2M·A(θ) (3.5)
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Where P is the multiplicity factor that depends on the crystal symmetry, F(hkl) is the

structure factor mentioned in Equation 3.4, and 1+cos22θ
sin2θcosθ

, e−2M, A(θ) are the angle, tem-
perature, and absorption corrections. Therefore, one can calculate the diffraction pat-
tern of the reference structure and refine the structure to mimic the measured structure
by minimising the weighted sum of squared difference, Sy, as shown in Equation 3.6
[168].

Sy = ∑
i

wi(yobs,2θ − ycal,2θ)
2 (3.6)

Where yobs,2θ and ycal,2θ are the observed and calculated intensity at the ith observation,
respectively [168]. wi is the weight attributed to the ith observation, which is defined
as 1/σ2

i , while σi is the estimated uncertainty [168]. This refinement method was first
proposed in 1969 and named Rietveld refinement [168].

However, Rietveld refinement requires a reasonable reference structure, which is often
challenging. Later, Armel Le Bail proposed a whole pattern fitting, Le Bail refinement,
which does not require a reference structure [169]. Instead, it treats all peak intensities
to an arbitrary value, using lattice parameters as the primary input parameters [169].
A set of intensities is then calculated for the least-squares fit to extract new lattice pa-
rameters, as shown in Figure 3.3 [169]. This process is equivalent to a self-consistent
converged steepest descent minimisation [169]. There are more advantages of Le Bail
refinement. It can easily be compiled into existing Rietveld refinement algorithms and
converges faster [169].

FIGURE 3.3: Flow diagram of Le Bail refinement process.

In addition to the refinement methods, statistical methods are required to check whether
the results are good enough. There are three widely used R-factors to evaluate the
quality of refinement results [170]. Equations 3.7, 3.8, and 3.9 show the profile resid-
ual (Rp), the weighted profile residual (Rwp) and the expected profile residual (Rexp),
respectively.

Rp =
∑|yobs,2θ − ycal,2θ|

∑ yobs,2θ
(3.7)
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Rwp =

{
∑i wi(yobs,2θ − ycal,2θ)

2

∑i wi(yobs,2θ)2

} 1
2

(3.8)

Rexp =

{
N − P

∑i wi(yobs,2θ)2

} 1
2

(3.9)

Where N is the number of observations, and P is the number of refined parameters.
The ratio of Rwp and Rexp is then defined as a goodness-of-fitting factor (GOF), as
shown in Equation 3.10.

GOF =
Rwp

Rexp
(3.10)

One should expect the GOF not to be smaller than 1 [170]. For an ideal structure, the
numerator of Rwp is equal to N, leading GOF to be equal to N

N−P , where the minimum
value of P is 0 [170]. Generally, a refinement with a GOF smaller than 5 is sufficient
[170].

3.3.3 Experimental details of XRD

Powder samples were used for XRD measurements. Room temperature XRD patterns
were collected using a PANalytical X’Pert PRO diffractometer (Cu Kα radiation with a
nickel filter, λ = 1.5418 Å) under ambient conditions. The samples were placed on top
of a commercial Si (911) XRD sample holder (Bruker). This holder is cut perpendicular
to the [911] axis, producing a very low background signal [171]. The 2θ range was set
to 20◦ to 60◦ with a step size of 0.017◦ and a holding time of 150 seconds per step.

In-situ high-temperature XRD patterns were collected using a PANalytical Empyrean
diffractometer (Cu Kα radiation with a nickel filter, λ = 1.5418 Å) under flowing com-
pressed air conditions. The samples were loaded on top of a commercial Al2O3 high-
temperature XRD sample holder (Malvern Panalytical). The measuring temperature
was controlled by a high temperature oven chamber (HTK 1200N, Anton Paar) and its
built-in water cooling system. The 2θ range was set to 20◦ to 60◦ with a step size of
0.013◦ and a holding time of 150 seconds per step. The samples were heated to 800 ◦C
with a heating rate of 60 ◦C/min. The high temperature XRD data was then collected
from 800 ◦C to 100 ◦C with an interval of 100 ◦C/min. The final RT data were collected
after fully cooling. The cooling rate was 20 ◦C/min. After reaching each measuring
temperature, the samples were equilibrated for 20 minutes to ensure thermal homo-
geneity.

The XRD refinement was performed to determine the lattice parameters using the
GSAS-II software [172]. The Rietveld refinement method was first used to obtain the



40

initial lattice parameters for the Le Bail refinements. Then, the Le Bail refinement was
executed to determine more accurate lattice parameters. The reference structures were
pristine LaNbO4 at room temperature (ICSD collection code: 430884) and 500 ◦C (ICSD
collection code: 430897) [132, 173].

3.3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive and non-destructive an-
alytical technique. The photoelectron is generated by X-ray absorption. Suppose an
incident high-energy X-ray beam hits a valence electron surrounding an atom. The
energy from the X-ray might excite this electron from the ground state to the excited
state. If this excited electron is close to the surface, it might travel to the surface, even-
tually overcoming the work function and being released into the vacuum. Based on
the above processes, the kinetic energy of the photoelectron is expressed as Equation
3.11.

EK = hv − EB − Φsample (3.11)

Where EK and EB are the kinetic and binding energy of the photoelectron, respectively.
hv is the energy of the incident X-ray beam, and Φsample is the work function of the
sample. A spectrometer is used to measure the kinetic energy of the photoelectron.
Given that the spectrometer has its work function Φspectrometer, the sample is electri-
cally connected to the spectrometer, resulting in the contact potential. This potential
will accelerate the photoelectron. Therefore, the measured kinetic energy of the photo-
electron can be deduced as Equation 3.12.

EK,measured = hv − EB − Φsample + Φsample − Φspectrometer

= hv − EB − Φspectrometer
(3.12)

Figure 3.4 shows the above correlation between the sample and the spectrometer. Since
hv and Φspectrometer terms are known, the binding energy can be determined by mea-
suring the kinetic energy. The energy level of the valence band maximum can also be
determined.

The binding energy of the valence electron is affected not only by its surrounding atom
but also strongly by the neighbouring bonding environment. This binding energy vari-
ation allows XPS to investigate the local bonding environment. For example, a metal
oxide cation with a higher valence state, such as W6+, possesses a higher binding en-
ergy due to its higher electronegativity [174]. Meanwhile, one can compare the ratio
of different elements by comparing the intensity of different valence electrons. The
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FIGURE 3.4: Schematic diagram of XPS measuring mechanism.

empirical quantitative analysis compares the peak area in the XPS spectra, as shown in
Equation 3.13.

Ci =
Ai/si

∑n
i=1(Ai/si)

(3.13)

Where Ci is the molar concentration of the element i, Ai is the peak area, and si is the
relative sensitivity factor.

It is worth mentioning that since the photoelectrons have to be released from the sam-
ple surface, the valence electrons close to the surface have a higher probability of de-
tection. The signal intensity of XPS is empirically described by the Beer-Lambert law,
where 95% of all photoelectrons are from the depth from 1 to 10 nm for the normal XPS
using Al Kα radiation [175].

3.3.5 Experimental details of XPS

The polished pellet samples were used for XPS measurements. XPS spectra were col-
lected using a K-Alpha XPS instrument (Thermo Fisher Scientific). A monochromatic
Al Kα (1486.6 eV) X-ray source generated an incident X-ray beam with a spot size of
400 µm2. The energy resolution was set to 0.1 eV. A dual beam flood gun (Ar+ and
e−) compensated for surface charge accumulation and was further corrected by ref-
erence to the C 1s signal (284.8 eV). The measuring chamber was under high vacuum
(<5×10−7 mbar) conditions. The iteration XPS spectra were collected by repeated mea-
surements every 30 or 60 minutes. The collected spectra were analysed and the peak
fitted using Avantage software (Thermo Fisher Scientific). The relative sensitivity fac-
tor, si of each peak was experimentally determined by Thermo Fisher Scientific and
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built into the software. The Voigt function and the Shirley background function were
applied during the peak-fitted processes.

3.3.6 X-ray absorption spectroscopy

X-ray absorption is expressed as Equation 3.14.

It = I0exp(−µt) (3.14)

Where I0 and It are the incident and transmitted X-ray intensities, respectively. µ is the
linear absorption coefficient, and t is the thickness of the sample. The linear absorption
coefficient can be estimated using Equation 3.15.

µ ≈ ρZ4

AE3 (3.15)

Where ρ is the sample density, Z is the atomic number, A is the atomic mass, and E
is the incident X-ray energy. Therefore, the linear absorption coefficient for a given
element increases with the incident X-ray energy decreases. However, the linear ab-
sorption coefficient becomes discontinuous when the incident X-ray energy equals the
binding energy of valence electrons, especially those on the K and L shells. This strong
absorption is called absorption edge, and it is due to the photoelectron effect. The ex-
cited valence electrons will relax rapidly, resulting in Auger electrons or fluorescent
X-rays. Therefore, there are two modes of X-ray absorption spectroscopy (XAS): one is
measuring the transmitted X-ray, and the other is measuring the fluorescent X-ray.

Absorption peaks or oscillations are observed in proximity to the absorption edge, ex-
tending over a range of several hundred electron volts on the high-energy side. These
structures are called X-ray absorption fine structures (XAFS). XAFS is further divided
into two regions: from the pre-edge to approximately 30 eV above the edge, it is re-
ferred to as X-ray absorption near edge structure (XANES), while after that, it is termed
extended X-ray absorption fine structure (EXAFS) [176].

Figure 3.5(a) presents an example of the XAFS spectrum in Nb K-edge, where the pho-
toelectrons are all excited from 1s orbitals (K-shell). A small pre-edge feature is raised
before the absorption edge for transition elements like Nb. This feature is due to the
transition of electrons from 1s orbitals to the unoccupied 4d orbitals [177–179]. The
double-peak feature after the edge position is called the post-edge feature and usually
contains information about the coordination environment [155, 180–182].

The absorption phenomena can be different for the XAFS spectra of other edges. Fig-
ure 3.5(b) presents an exemplified XAS spectrum of W L3-edge. A strong absorption
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peak dominates the spectrum called the white line, and it is due to the photoelectrons
transitioning from 2p3/2 orbitals (L-shell) to the unoccupied 5d orbitals [183, 184].

FIGURE 3.5: (a) Example Nb K-edge XAS spectrum, showing X-ray ab-
sorption near edge structure (XANES) region and extended X-ray ab-
sorption fine structure (EXAFS) region. The letter "n" represents the

principal quantum number. (b) Example W L3-edge XAS spectrum.

The quantitative description of XANES remains challenging [176]. However, the edge
position tends to change linearly with the valence states [176, 177]. Therefore, the en-
ergy position of the absorption edge in the XANES spectrum can be used to determine
the valence states.

Meanwhile, there is a well-developed, though complicated, quantitative description
of EXAFS. The oscillations in the EXAFS regions originate from the scattering of pho-
toelectrons by the electrons of the neighbouring atoms, as shown in Figure 3.6 [185].
Therefore, the linear absorption coefficient can be expressed as Equation 3.16 [185].

µ(E) = µ0(E)[1 + χ(E)] (3.16)
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FIGURE 3.6: (a) The absorption process of an isolated atom. No EX-
AFS is raised. (b) The photoelectron is scattered by the electrons of the
neighbouring atom, which interferes with the photoelectron at the ab-
sorbing atom, causing EXAFS. The photoelectron travels as a wave. Re-
produced from [185] with permission under a Creative Commons Attri-

bution-ShareAlike 3.0 Licence.

Where µ0(E) is the smooth background representing the absorption of an isolated
atom. The measured χ(E) from EXAFS spectra can be isolated using Equation 3.16.

χ(E) in the energy domain can be converted into χ(k) in the kinetic domain based on
the wave-particle duality of photoelectrons, as shown in Equation 3.17 [185].

k =

(
2m(E − E0)

h̄2

) 1
2

(3.17)

Where k is the wavevector of the photoelectron, and h̄ is the reduced Planck constant,
respectively. Suppose the most straightforward scattering event, in which one photo-
electron is scattered by only one neighbouring atom at 0 K, χ(k) can be expressed as
Equation 3.18 [185].

χ(k) =
f (k)
kR2 sin2kR + δ(k) (3.18)

Where R is the distance between two atoms, f (k) and δ(k) are the scatter amplitude
and scatter phase-shift for the neighbouring atom, respectively. In a more practical sce-
nario, the absorbing atom will be surrounded by many atoms with different types and
distances. The interatomic distances also keep changing due to the thermal vibrations.
Therefore, Equation 3.18 can be rewritten as Equation 3.19 [185].

χ(k) = ∑
j

Nj f j(k)e
−2k2σ2

j

kR2
j

sin[2kRj + δj(k)] (3.19)
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Where N is the coordination number, and σ2
j is the mean-square-displacement in the

interatomic distance to correct the thermal vibration effect. Further considering inelas-
tic scattering events, Equation 3.19 can be rewritten as Equation 3.20 [185].

χ(k) = ∑
j

Nj f j(k)e
−2k2σ2

j e−2Rj/λ(k)

kR2
j

sin[2kRj + δj(k)] (3.20)

Where λ(k) represents the mean free path of the photoelectron, determining how far
it can move before being scattered inelastically. λ(k) is primarily independent of the
samples with a typical value of 3 to 30 Å [185]. Therefore, EXAFS can only provide
information less than 5 Å because of λ(k) and R−2

j terms [185]. The above deduction
only considers a single excited core-level electron. For multi-excitation, an amplitude
reduction term, S2

0, is introduced. This factor is fully correlated with N with a typical
value of 0.7 to 1.0 [185]. Therefore, the final EXAFS equation can be expressed as Equa-
tion 3.21.

χ(k) = ∑
j

NjS2
0 f j(k)e

−2k2σ2
j e−2Rj/λ(k)

kR2
j

sin[2kRj + δj(k)] (3.21)

The terms in Equation 3.21 can be separated into two parts: those in red are correlated
with scattering processes, while those in blue are local structure information. In 1991,
Rehr developed the FEFF program, calculating f (k) and δ(k) from a known crystal
structure [186]. Then, the local structure information can be fitted accordingly [185].

It is worth mentioning that Equation 3.21 only considers the single scattering event
where the photoelectron is scattered only once and returns to the absorbing atom [185].
The multiple scattering event, where the the photoelectron is scattered many times
before returning, is more complicated. However, the effect of the multiple scattering
events is negligible for the first shell analysis of EXAFS [185].

3.3.7 Experimental details of XAS

The synchrotron XAS spectra of the Mo K-edge and the W L3-edge were collected 6
times in transmission mode with an energy step size of 0.35 eV and a beam spot size of
1×1 mm on the B18 core beamline at Diamond Light Source (DLS, UK) [187]. Since Nb
cations have a much higher concentration in the samples, the synchrotron XAS spectra
of the Nb K-edge were collected 3 times in transmission mode with identical setups.
The energy shift was calibrated using the XAS spectra of Nb (18986 eV), Mo (20000
eV) and W (10207 eV) metal foils, pristine LaNbO4 powder, Nb2O5, MoO3, and WO3

commercial oxide powders.
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Powder samples were used for these measurements. All samples were diluted with
cellulose powder (Sigma-Aldrich) and then pressed into pellets with a diameter of 13
mm and a thickness of approximately 1 mm. For the spectra of the Nb K-edge and the
Mo K-edge, the sample and cellulose were mixed in a mass ratio of 1:2, while for the
W L3-edge, the sample and cellulose were mixed in a mass ratio of 1:6.

The collected data were calibrated and analysed using Athena software (Demeter soft-
ware package) [188]. The EXAFS data were fitted using the Artemis software (Demeter
software package) [188]. f (k) and δ(k) were determined by the in-built FEFF6 pro-
gram using crystal structures obtained from The Material Project [113]. The amplitude
reduction term, S2

0, and the energy shift calibration term, ∆E0, are extracted from the
EXAFS fittings of Nb2O5, MoO3, and WO3 commercial oxide powders. The quality
of the fit was estimated using an R-factor as presented in Equation 3.22. Usually, an
EXAFS fitting with an R-factor ≤ 0.02 is regarded a suitable fitting [185].

R − f actor =
∑|χexp(k)− χ f it(k)|2

∑|χexp(k)|2
(3.22)

3.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) measures the change in mass as a function of tem-
perature and time. Any gas-related reaction that occurs will result in mass changes.
For oxides, mass changes are highly correlated with the change in oxygen stoichiome-
try during oxidation or reduction reactions. For proton-conducting oxides, it could also
be correlated with the absorption or release of protons in the form of H2O or H2. There-
fore, TGA has been widely used to determine the proton content in proton-conducting
oxides [189, 190]. However, the buoyancy effect compromises the precise determina-
tion of the mass change and, therefore, the actual proton content [191]. Moreover, the
mass change might be below the detection limit for oxides with a subtle proton incor-
poration capability.

3.4.1 Experimental details of TGA

The TGA measurements were performed using an STA 449 F5 Jupiter simultaneous
thermal analyser (Netzsch GmbH, Germany) with a mass accuracy of 0.01 mg. Ap-
proximately 30 mg of powder samples were used during each measurement. In situ
TGA measurements were performed using an STA 449 F3 Jupiter simultaneous ther-
mal analyser (Netzsch GmbH, Germany) in the Department of Chemistry, University
of Oslo, with a mass accuracy of 0.1 mg. Approximately 1000 mg of powder samples
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were used during each in situ measurement. The ramp rate was 10 ◦C/min. The gas
flow rate was 50 mL/min for the compressed air purge gas (BOC) in the analytical
chamber and 20 mL/min for the protective gas of argon (BOC) in the balance cham-
ber. The blank baseline was collected using Al2O3 powder (99.99%, Sigma-Aldrich).
An indium-metal reference determined the buoyancy effect at the initial heating stage.
The data obtained were analysed using Proteus software (Netzsch GmbH, Germany).

3.5 Electron microscope techniques

Like the incident X-ray beams, incident electron beams can interact with samples, re-
sulting in different informative output signals. The electron-sample interactions are
summarised in Figure 3.7 [192, 193].

FIGURE 3.7: Schematic diagram of the electron-sample interaction vol-
ume. The typical information depth of each signal source was listed
[192, 193]. The electron microscope techniques used in this work were

highlighted in the bracket.

Scanning electron microscopy (SEM) has two detection modes: secondary electron
imaging (SEI) and backscattered electron (BSE) modes. The SEI mode can provide
surface morphology images because the secondary electrons are primarily from the
surface and are affected mainly by the surface morphology. Meanwhile, backscattered
electrons come from the deeper layers and strongly depend on the scattering atoms’
atomic number. Therefore, BSE images can indicate compositional homogeneity.

Under incident electron beams, the valence electrons in the outer shell might relax to
fill the empty inner orbitals left by excited valence electrons and release characteris-
tic X-rays. The intensity of the characteristic X-rays is proportional to the concentra-
tion of the elements in the samples. Therefore, energy-dispersive X-ray spectroscopy



48

(EDS), which collects the characteristic X-rays, is widely used for compositional analy-
sis. However, the quantitative accuracy of EDS is relatively low, with a general relative
error of ±5 wt% in the standard-free analysis mode [194].

Transmission electron microscopy (TEM) is a microscopy technique that detects trans-
mitted electrons. It uses an electron source with an applied voltage of 100 to 300 kV
much higher than that of SEM of less than 20 kV to allow sufficient electrons to trans-
mit the sample. The spatial resolution of electron microscopy is proportional to the
wavelength of incident electrons, while the wavelength of the incident electrons, λe,
can be expressed as Equation 3.23.

λe =
hc√

eV(2m0c2 + eV)
(3.23)

Where h is the Planck constant, m0 is the electron’s intrinsic mass, e is the charge of
an electron, c is the speed of light, and V is the applied voltage [195]. Therefore, the
spatial resolution of TEM at the sub-nm level is much higher than that of SEM at >1
nm [192, 193].

Selected area electron diffraction (SAED) is a TEM in-built crystallographic technique.
Unlike XRD, SAED can only diffract a user-selected small area by changing apertures
and positions. Based on Equation 3.3, the short wavelength of incident electrons gives
a measurable d-spacing smaller than the size of an atom.

3.5.1 Experimental details of SEM & TEM

SEM and EDS spectra measurements were performed using a LEO-1525 FEGSEM in-
strument (Zeiss) with an implemented EDS spectrometer (Oxford Instruments). To
avoid electron accumulation, the unpolished pellet samples were sputter coated with
a 15-nm chromium layer. The applied voltage was set to 20 kV. The magnification,
working distance (WD) and spot size (SS) were optimised to ×2000, 15 mm and 50
nm, respectively. The grain size of each sample was determined using the line inter-
cept method using ImageJ software [196]. The EDS spectrometer was calibrated using
a well-polished Cr metal. The EDS spectra and mappings were analysed using INCA
software (Oxford Instruments). For readability, the sharpness, brightness, and contrast
of each mapping image were adjusted to -25%, 40%, and -40%, respectively.

The TEM images and SAED patterns were obtained using a JEM-2100Plus TEM in-
strument (JEOL) operated at 200 kV. The powder samples were first dispersed in iso-
propanol (≥99%, VWR) and ultra-sonicated for 30 minutes. The suspension was then
dropped into a TEM copper grid (Ted Pella, Inc.) and dried under ambient conditions.
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The d-spacing value and the Miller indices were determined using GMS 3 (Gatan Mi-
croscopy Suite) and ImageJ software [196].

3.6 Ultraviolet–visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is an analytical technique that measures the
absorption of light in ultraviolet-visible light regions. Similarly to X-ray absorption,
light absorption can be expressed as Equation 3.14, light absorption can be expressed
as Equation 3.24.

It = I0exp(−αt) (3.24)

Where α and t are the absorption coefficient and the sample thickness, respectively.
Given the low energy of UV-Vis lights, the absorption is primarily due to the electron
excitation between the valence band (VB) and the conduction band (CB) in the infor-
mation depth of a few µm [197, 198]. Therefore, UV-Vis spectroscopy has been widely
used to estimate the optical band gap of samples via the Tauc method. This method is
expressed as Equation 3.25.

(α·hv)1/γ = B(hv − Eg) (3.25)

Where h is the Planck constant, v is the photon’s frequency, Eg is the optical band gap,
and B is a constant [199, 200]. γ depends on the nature of the optical band gap. If it
is a direct band gap, γ is 1/2. If it is an indirect band gap, γ is 2. The experimental
assignment of the band gap type is often challenging, especially for materials with flat
bands [201]. Therefore, the band gap type is mostly determined using DFT calculations
[197]. It is worth mentioning that the optical band gap is not exactly equal to the
electronic band gap, but the difference is often marginal [202].

However, measuring the absorption coefficient for opaque samples can be challenging.
Alternatively, the sample’s reflectance is measured using a diffuse reflectance sphere
called UV-Vis-diffuse reflectance spectroscopy (UV-Vis-DRS). The sphere’s interior sur-
face is coated by highly reflective white polytetrafluoroethylene (PTFE)-based mate-
rial, reflecting the lights from the sample to the detector. The measured UV-Vis-DRS
spectra can be converted to the corresponding absorption spectra using the Kubelka-
Munk function, as Equation 3.26 [203].

α ≈ F(R∞) =
(1 − R∞)2

2R∞
(3.26)
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Where R∞ is the relative sample reflectance compared to the standard reference. There-
fore, the optical band gap can be extrapolated from UV-Vis-DRS using Equation 3.27.

(F(R∞)·hv)1/γ = B(hv − Eg) (3.27)

Figure 3.8(a) presents a typical Tauc plot of an oxide [204, 205]. The absorption curve
is analogous to a vertical line for an ideal crystal [204, 205]. The Urbach tail raises due
to the presence of defects, as presented in Figure 3.8(a) and (b) [204–206]. The Urbach
tail will further deviate to form a pre-edge if the defect concentration is large enough
to form inter-band gap defect levels [204–206].

FIGURE 3.8: (a) Typical Tauc plot of an oxide; (b) Density of states N(E)
as a function of energy. Adapted from [204, 205] with permission from

John Wiley and Sons.

3.6.1 Experimental details of UV-Vis-DRS

The diffuse reflectance spectra were collected from 800 to 200 nm using a Cary-5000
spectrophotometer (Agilent Technologies, Inc.) with a diffuse reflectance sphere acces-
sory and WinUV software (Agilent Technologies, Inc.). The energy interval and the
acquisition time per step were set at 0.5 nm and 1 second, respectively. A data glitch at
350 nm was observed in every spectrum due to the light source changeover. A PTFE
reference disk (Agilent Technologies, Inc.) was used to calibrate the reflectance base-
line. Polished pellet samples were used for UV-Vis-DRS measurements.
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3.7 Electron spin resonance

Electron spin resonance (ESR), also known as electron paramagnetic resonance (EPR),
is a technique for detecting unpaired electrons. Each atomic orbital can only be occu-
pied by two electrons with a spin quantum number ms of 1

2 and − 1
2 . Typically, the en-

ergy levels of these two electrons are the same. However, when the external magnetic
field is applied, the Zeeman effect will split the energy level into low-energy antipar-
allel (ms = − 1

2 ) and high-energy parallel (ms =
1
2 ) levels [207]. Suppose a microwave

field is applied perpendicular to the external magnetic field. In that case, the unpaired
electron in an atomic orbital can be excited from the antiparallel to the parallel level,
resulting in a paramagnetic resonance absorption [207]. Equation 3.28 summarises this
electron paramagnetic resonance mechanism [207].

∆E = hv = µbgB (3.28)

Where ∆E is the energy difference between the antiparallel and parallel energy levels.
hv represents the energy of the microwave field. µb, g and B are the Bohr magnetron
constant (9.274 × 10−24 J/T), g-factor and the external magnetic field, respectively.

The g-factor shifts depending on the electronic configuration of the surrounding atoms.
For a free electron, the g-factor, ge, is equal to 2.003 [207]. For samples containing
transition metals with unpaired electrons, the g-factor is typically smaller than 2 [208,
209]. Therefore, each species containing unpaired electrons has a single unique g-factor
[207]. The g-factor can even be utilised to identify defects such as oxygen vacancies
since defects might trap free electrons [210, 211]. It is worth mentioning that at low
temperatures, the g-factor becomes an anisotropic tensor, gxx, gyy, gzz [207]. Besides,
the unpaired electrons might interact with neighbouring nuclei, resulting in hyperfine
coupling [207]. However, these situations are not applicable to this work and, there-
fore, are omitted from the discussion.

3.7.1 Experimental details of ESR

The ESR spectra were collected using a Magnettech CW-ESR5000 benchtop spectrom-
eter (Bruker) at 100 K. The microwave frequency and power were set to ∼9.4 GHz
(X-band) and 2.0 mW (17 dB), respectively. The modulation amplitude and frequency
for the absorption resonance spectra were set at 0.5 mT and 100 kHz, respectively. The
scanning magnetic field range was set from 290 to 390 mT with a sweep time of 200
seconds. Each spectrum was measured five times. The collected spectra were analysed
using the ESRStudio software (Bruker). The ESR spectrum of the empty quartz tube
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was collected and used as the correction baseline. Powder samples were used in the
ESR measurements.

3.8 Secondary ion mass spectrometry

Mass spectrometry techniques measure the mass-to-charge ratio of charged species.
When an electrical field is applied perpendicular to the direction of the charged species,
the species are accelerated, and therefore separated as a function of their mass-to-
charge ratio. There are three types of mass spectrometer: the magnetic sector mass
spectrometer, the quadrupole mass spectrometer, and the time-of-flight (TOF) mass
spectrometer. The quadrupole mass spectrometer selectively allows ions of a specific
mass-to-charge ratio to reach the detector by modulating the electrical field, while the
TOF mass spectrometer detects all ions simultaneously by measuring their flight times.
Compared to sector field instruments, which offer high resolution but slower scan-
ning and larger size, TOF provides faster analysis, higher sensitivity, and broader mass
range coverage, making it ideal for high-throughput and complex sample analysis.

Secondary ion mass spectrometry (SIMS) is a mass spectrometry technique that col-
lects the signals of secondary ions bombarded by charged primary ion beams. Figure
3.9 schematically summarises the potential interactions when the high energy primary
ion beams bombard the surface of a sample under high vacuum conditions [175, 212].
During this bombardment process, a small amount of sputtered species, usually less
than 1%, will be ionised and become secondary ions, which is presented as scenario (3)
in Figure 3.9 [213, 214]. The SIMS signals obtained from these secondary ions, includ-
ing ions or ion clusters, can be expressed by Equation 3.29.

Ix
S = IPCxSγF (3.29)

Where Ix
S and IP are the secondary ion current of the charged species, x, and the pri-

mary ion beam current, respectively. Cx is the concentration of the charged species,
S is the sputter yield, γ is the ionisation efficiency, and F is the instrumental trans-
mission. The S and γ terms are dependent on the surrounding environment of the
secondary ions, also known as the matrix effect. This effect makes quantitive analysis
of SIMS results challenging. However, utilising isotopes can bypass this issue since the
surrounding environment of isotopes is almost the same. Therefore, SIMS is an ideal
technique for studying the proton diffusion process, as the intensities of the proton and
deuteron are directly proportional to the concentration in the samples. The diffusion
profile in depth can also be studied by combining the primary ion gun with the sputter
gun. This method is known as depth profiling.
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FIGURE 3.9: Schematic diagram of the primary ion-sample interactions:
(1) primary ion reflection, (2) primary ion implantation and (3) collision
cascade [175, 212]. The positively charged primary ions are coloured
in yellow, while the negatively charged secondary ions are coloured in

blue.

However, a typical diffusion profile can range from a few to a couple of hundred µm,
requiring an extremely long time of sputtering, which is not practical [215]. There-
fore, a method called line scan was developed to measure cross-sectional samples, as
presented in Figure 3.10 [215].

FIGURE 3.10: Schematic diagram of the sample preparation required to
obtain diffusion profiles from the line scan method [215].

Crank developed a semi-infinite solution to fit the diffusion profile [216]. The normal-
ized isotopic fraction of deuteron can be expressed as Equation 3.30.

C′(x, t) =
C(x, t)− Cbg

Cg − Cbg

= er f c
[

x
2
√

D∗t

]
−
[

exp(
kx
D∗ +

k2t
D∗ )×er f c(

x
2
√

D∗t
+ k

√
t

D∗ )

] (3.30)

Where C′(x, t) is the normalized isotopic fraction of deuteron (C(x, t)) corrected by the
isotopic background (Cbg) and the isotopic fraction of the annealing gas (Cg). x and
t are the distance from the surface of the sample and the time spent on the isotopic
annealing process. D∗ and k are the tracer diffusion coefficient and the surface ex-
change coefficient. er f c is the complementary error function in mathematics expressed
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as Equation 3.31.

er f c(x) = 1 − 2√
π

∫ x

0
e−t2

dt (3.31)

When x = 0, er f c(x) = 1. Equation 3.30 can be simplified by assuming x′ = x
2
√

D∗t
and

h′ = k
D∗

√
D∗t, as Equation 3.32.

C′(x, t) = er f c(x′)− [exp(2x′h′ + h′2)×er f c(x′ + h′)] (3.32)

At the surface, i.e., x=0, Equation 3.32 can be written as Equation 3.33.

C′(0, t) = 1 − [exp(h′2)×er f c(h′)] (3.33)

D∗ and k can be extrapolated using a non-linear least squares fitting.

The random walk model gives the theoretical description of an uncorrelated and inde-
pendent ion diffusion event, as Equation 3.34 [84].

Dr =
a2v0

b
exp(

∆S
kB

)exp(−∆H
kBT

) (3.34)

Where a is the diffusion distance, v0 is the attempt frequency, and b is the geometry
factor of 2, 4, or 6 for one-, two-, or three-dimensional diffusion, respectively. ∆S, ∆H,
kB, and T are the activation entropy, the activation enthalpy, the Boltzmann constant,
and the temperature, respectively. This random diffusion coefficient, Dr, is usually
applicable at the microscopic level and can be determined using quasielastic neutron
scattering (QENS) and nuclear magnetic resonance (NMR).

Meanwhile, the macroscopic long-range ion diffusion coefficient can be determined by
the Nernst-Einstein equation:

Dσ =
kBTσ

cq2 (3.35)

Where c and q are the concentration and the charge of the ion. σ is the ionic conduc-
tivity. The tracer diffusion coefficient, D∗, obtained from SIMS is also regarded as a
macroscopic long-range ion diffusion coefficient [84]. However, it is worth emphasis-
ing that Dσ and D∗ are not directly comparable due to the ambiguity in the definition
of the ion concentration [84].

3.8.1 Experimental details of SIMS

For surface exchange-limited samples, the coating is preferred to ensure a sufficiently
detectable diffusion profile [47, 217]. Therefore, the one-sided polished pellet samples
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were divided into five groups. Two groups were hand-brushed with Pt paste (Pt 76.3
wt%, fuelcellmaterials) on the polished surface and then fired at 900 ◦C for one hour
with a ramp rate of 1 ◦C/min. One group was used as the as-sintered references.
One uncoated group and one coated group were used for hydrogen treatments, while
the rest of the uncoated and coated groups were used for deuteron treatments. After
treatments, the Pt paste was carefully removed.

The hydrogen treatments were taken at 800 ◦C for 6 hours under 1 bar of 5% H2 gas
(BOC) using a tube furnace. Deuteron treatments were taken at 800 ◦C for 6 hours
under 50 mbar of D2 gas (Linde) in a sealed home-made quartz tube in the Department
of Chemistry, University of Oslo.

SIMS data were collected using a TOF-SIMS 5 instrument (ION-TOF GmbH, Germany).
The SIMS sample chamber with loaded samples was pumped overnight prior to mea-
surements to remove any surface-absorbed species. The measurements were operated
under a high vacuum condition (<1×10−8 mbar). The primary ion gun was a Bi+3 liq-
uid metal ion gun (LMIG), while the sputter ion gun was Cs+. An electron flood gun
was turned on during the measurements to compensate for the charge accumulation
as a result of the low electronic conductivity.

The depth profile measuring area was limited to 100×100 µm, while the sputtering area
was set to 300×300 µm to avoid geometric interference. For line scan measurements
without sputtering, the measurement area was set to 500×500 µm to cover a long depth
range. It should be mentioned that the spatial resolution of the TOF-SIMS 5 instrument
is 256×256 pixels. Therefore, the resolution of the depth profile is 25 times better than
the line scan measurements, which might result in data inconsistency between the two
methods. The collected SIMS data were analysed using SurfaceLab 7 software (ION-
TOF GmbH, Germany). The surface roughness and depth of the crater after SIMS
measurements were checked by coherence scanning interferometry (CSI) using a Zygo
instrument (AMETEK, Inc.).

It is worth mentioning that TOF-SIMS 5 is a dual-ion beam SIMS instrument, which
allows the collection of positive or negative ions. Although the proton is a positively
charged species, the yield of the SIMS signal of H+ was found to be lower than H−

[214]. The reason for this difference remains unclear, since the ionisation process is
complex without a mature physical description [214]. In this work, the negatively
charged SIMS signals were collected to ensure sufficient signal yields.
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3.9 Electrochemical techniques

3.9.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widely used technique for mea-
suring electrical properties. Unlike DC measurements, this AC method can decon-
volve the impedance responses from different parts of the sample, such as the bulk,
the grain boundary, and the surface, according to their time-constant differences [218].
The impedance of a sample at a specific frequency, Z(ω), can be expressed as Equation
3.36.

Z(ω) = |Z|cosφ − i|Z|sinφ = Z′ − iZ′′ (3.36)

Where i is the imaginary unit. Z′, Z′′, |Z| and φ are the real and imaginary parts of the
impedance, the magnitude and phase angle of the impedance, respectively.

FIGURE 3.11: Schematic Nyquist plot of a typical EIS spectrum of a solid
oxide electrolyte with metal electrodes and its corresponding equivalent

circuit model [219]. The notation "gb" is short for grain boundary.

Usually, an impedance response contains resistive and reactive components simplified
by a resistance (R) and a capacitance (C) in parallel [219]. Then, the time constant, τ,
of the response is defined as Equation 3.37.

τ = RC (3.37)

However, the reactive component is never ideal. Therefore, a hypothetical electrical
component, the constant phase element (CPE) is proposed to replace the capacitance.
The impedance of a CPE is determined as Equation 3.38.
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Z(ω)CPE =
1

T(iω)P (3.38)

Where T and P are the pseudo-capacitance and phase angle, respectively. The phase
angle is used to evaluate how analogous a CPE is to an ideal capacitance with a value
range between 0 and 1. The CPE reduces to an ideal capacitance when P = 1. The
model, which consists of a resistance and a constant phase element in parallel, is called
the R-CPE component. The effective capacitance of a CPE in an R-CPE component can
be deduced as Equation 3.39.

C =
(RT)

1
P

R
(3.39)

Figure 3.11 presents a typical EIS spectrum of a solid oxide with metal electrodes con-
sisting of three impedance responses: bulk, grain boundary and electrode/interfacial
responses [219]. This figure is also called the Nyquist plot. The spectrum can be sim-
plified using an electrochemical equivalent circuit (EEC) model consisting of a series
of R-CPE elements [219].

FIGURE 3.12: Schematic diagram of the bricklayer model. The notation
"gb" is short for grain boundary. Adapted from [219] with permission

from John Wiley and Sons.

Suppose an ideal solid oxide electrolyte composed of cube-shaped grains, "bricks", as
shown in Figure 3.12. The length of each grain is l1, while the length of the grain bound-
aries is l2, and the length of the electrode/interfaces is l3. Given the inverse correlation
between the capacitance and the thickness, the capacitance ratio of each response can
be expressed as Equation 3.40.
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Cbulk
Cgb

=
l2
l1

Cgb

Celectrode
=

l3
l2

(3.40)

Therefore, Irvine et al. utilised this bricklayer model to assign the capacitance value
ranges to each impedance response, as presented in Table 3.2 [219]. By fitting the ob-
tained EIS spectra with a proper EEC model, one can estimate the capacitance of each
semicircle and assign it to the electrochemical impedance response. Meanwhile, the
resistance of each response can also be separated for detailed analysis. To directly
compare the resistance of different samples, the resistance is often normalized to the
area-specific resistance (ASR) to exclude the dimensional differences.

TABLE 3.2: Capacitance value ranges and their possible corresponding
response. Adapted from [219] with permission from John Wiley and

Sons.

Capacitance (F) Impedance response
10−12 − 10−11 Bulk
10−11 − 10−8 Grain boundary
10−9 − 10−7 Surface
10−7 − 10−5 Sample-electrode interface

Before analysing an EIS spectrum, it is essential to validate the quality of the collected
data. An ideal EIS spectrum should be a linear, time-invariant, and causal system [220].
The real part of this system can be calculated mathematically from its imaginary part
using the Kramers-Kronig (KK) relations and vice versa, as Equation 3.41 [220]. There-
fore, for example, one can separate the real part of an EIS spectrum and use the KK
relations to calculate the ideal imaginary part [220]. If the data quality is sufficient, the
residual between the obtained and calculated imaginary parts should be reasonably
small. This validation also works vice versa.

ZRe =
2
π

∫ ∞

0

ω′·ZIm(ω
′)

ω2 − ω′2 dω′

ZIm =
2
π

∫ ∞

0

ω′·ZRe(ω
′)

ω2 − ω′2 dω′
(3.41)

The temperature dependence of the total conductivity of a solid oxide electrolyte can
be described as a classical Arrhenius equation, as Equation 3.42.

lnσ = − Ea

kBT
+ lnA (3.42)

Where Ea is the activation energy in the unit of eV or kJ/mol and A is the pre-exponential
factor, respectively. kB and T are the Boltzmann constant and temperature, respectively.
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Therefore, by plotting lnσ as a function of − 1000
T , one can extrapolate the activation

energy from the slope of − Ea
kB·1000 . The activation energy is an important factor in de-

termining the type of charge carriers and their mobilities. For instance, the activation
energy of a proton-conducting oxide is usually of ≤0.5 eV, while the activation energy
of an oxygen ion-conducting oxide is higher [48, 85].

3.9.2 Experimental details of EIS

The EIS spectra were collected using a Solartron 1260A frequency analyser imple-
mented with a Solartron 1296 dielectric interface (Solartron Analytical Ltd.). The sam-
ple holder was home-made in a two-probe configuration. The measuring temperature
range was 400 to 900 ◦C with an interval of 50 ◦C. The spectra of the heating and cool-
ing processes were both collected. After reaching the highest temperature, the samples
were dwelled for 2 hours before measuring the spectra of the cooling process. A K-type
thermocouple was placed beside the sample to record the exact temperature. The fre-
quency range was 1 MHz to 1 Hz with 30 sampling points per logarithmic decade. The
AC potential was set to 100 mV during measurements without DC bias. The measuring
atmospheres were controlled by pumping gas from the cylinders (O2, compressed air,
N2 and 5% H2, BOC) through the sample holder. Humidity was controlled by pump-
ing gas through a commercial gas dryer (Drierite 26800 Drying column, pH2O ≈ 10−5

atm) for dry atmosphere or through an external water bubbler at room temperature
(pH2O ≈ 0.025 atm) for wet atmosphere. The oxygen partial pressure of dry N2, dry
and wet 5% H2 was calibrated simultaneously using a ZrO2 tube oxygen sensor [221].

The Pt paste (Pt 76.3 wt%, fuelcellmaterials) was hand-brushed on both sides of the pol-
ished pellet samples and then fired at 900 ◦C for 1 hour with a ramp rate of 1 ◦C/min.
The area of the Pt electrode for both sides was limited to 0.28 cm2. The thickness of the
samples was measured using a micrometre screw.

The obtained spectra were validated by the KK-test using Lin-KK software (KIT.edu)
and analysed using ZView4 software (v4.0h, Scribner Associates) [220].

3.9.3 Hebb-Wagner polarisation method

The total conductivity, σtot, of a typical solid oxide electrolyte is the sum of ionic, σi,
and electronic, σe, conductivities. The ratio of each partial conductivity to the total con-
ductivity is defined as the transport number, t, as Equation 3.43.

te = 1 − ti =
σe

σi + σe
=

σe

σtot
(3.43)
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Where te and ti are the transport number of electrons and ionic charge carriers, respec-
tively. Given that σtot can be estimated from EIS spectra, one can determine te and ti

if partial conductivities can be separated from each other. Hebb-Wagner polarisation
method (HW-method) is one of the most convenient and widely used methods for sep-
arating partial conductivities [222–228]. The key idea of this method is to use a block-
ing electrode layer to screen ionic conductivity, or vice versa [222–225]. A dense metal
disk, such as Pt, is usually used as an ionic blocking layer, and a typical Hebb-Wagner
polarisation cell configuration is (dense Pt disk|solid oxide electrolyte|porous Pt elec-
trode) [224, 225]. The airtight adhesive further covers the side of the dense Pt disk to
prevent any electrode response. When a DC bias is applied, a current perturbation can
be observed, and it generally becomes stable. However, if there is a gas leakage on the
adhesive, the current cannot reach stability, and the transport number is ill-estimated
[227].

3.9.4 Experimental details of HW-method

Figure 3.13 presents the schematic configuration of the Hebb-Wagner polarisation cell
used in this work. A dense pure Pt disk with a thickness of 0.2 mm was used as the
ion blocking layer and was firmly attached on one side of the polished pellet sample.
High-temperature ceramic adhesive (Aremco Ceramabond 885) was used to ensure the
polarisation cell was airtight on the blocking side. The Pt paste (Pt 76.3 wt%, fuelcell-
materials) was hand-brushed on the other side to be used as a porous electrode. The
electrode area was limited to 0.28 cm2. The thickness of the samples was measured
using a micrometre screw. Before measurements, the fabricated cell was first dried at
RT for 2 hours and then heated to 900 ◦C for 1 hour with a ramping rate of 1 ◦C/min.

FIGURE 3.13: Schematic configuration of the Hebb-Wagner polarisation
cell used in this work.

Measurements were taken in a ceramic heater sample stage (Nextron Corporation). A
K-type thermocouple was placed beside the sample to record the exact temperature.
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The measuring atmospheres and humidities were controlled by the same setup dis-
cussed in Section 3.9.2. A constant DC voltage was applied to the cell using the Mod-
uLab XM ECS Electrochemical System (Solartron Analytical Ltd.) and the DC current
data as a function of time were collected using the same electrochemical system.

3.10 Neutron techniques

3.10.1 Neutron scattering techniques

Directly probing hydrogen is a challenging task due to the small size and light mass
nature of hydrogen. For laboratory-based X-ray-related techniques, the likelihood of
interaction, known as the cross section, between an incident X-ray beam and a target
shows a strong element dependence [190]. Therefore, the proton is often untraceable
under X-rays [190]. In contrast, the neutron beam has the largest total cross section
with protons of 82.02 barns (1 barn = 10−24 cm2), which is significantly larger than
other elements [229]. Figure 3.14 presents the schematic comparison of the relative
total cross sections of various elements for X-rays and neutrons, clearly indicating the
high sensitivity of protons in neutron techniques [230].

FIGURE 3.14: Schematic comparison of the relative total cross sections
of various elements for X-rays and neutrons. Reproduced from [230]

with permission from Elsevier.

Elastic neutron scattering for crystal materials is also called neutron powder diffraction
(NPD), as it is similar to X-ray diffraction and contains structural information [231].
However, in contrast to XRD, NPD has an additional incoherent scattering intensity
mainly affected by the isotope and/or non-zero nuclear spins [229, 231]. More specifi-
cally, the coherent scattering analogy to XRD contains the collective structural informa-
tion of the whole lattice. In contrast, incoherent scattering contributes to the remaining
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intensity of individual nucleus behaviours, which mainly affects the background inten-
sity [231]. Most elements are dominated by coherent scattering, while hydrogen is an
exception [229, 231]. The coherent and incoherent cross sections of hydrogen are 1.76
and 80.26 barns, respectively. This vast cross-sectional difference means that the NPD
background intensity of a protonated material should be significantly higher than its
deprotonated counterpart [232, 233]. Therefore, the NPD background intensity change
can be used as a direct indicator to investigate the protonation or hydration process
[190, 232, 233].

3.10.2 Neutron Compton scattering

Recently, a new type of mass-selective inelastic neutron spectroscopy technique, neu-
tron Compton scattering (NCS), has shown its potential in probing protons [234–241].
The neutron Compton effect describes the inelastic interaction between a neutron and
a nucleus, as presented in Figure 3.15 [242–244].

FIGURE 3.15: Schematic diagram of the kinematics of the neutron
Compton scattering process [244].

When the incident neutron of mass m interacts with the target nucleus of mass M,
which bonds locally with neighbouring nuclei of mass M’ and has the initial momen-
tum of po, the energy transferred from neutron to nucleus is ω = E0 − E1. The asso-
ciated momentum transfer is q = k1 − k0 with the magnitude of |q| = (k0

2 + k1
2 −

2k0k1cosθ)1/2 and the scattering angle of θ [242–244]. In practice, energy transfer can
be detected using a TOF neutron spectrometer, as expressed in Equation 3.44 [242–244].

t =
L0

v0
+

L1

v1
+ t0 (3.44)

Where v0 and v1 are neutron velocities before and after the scattering process, respec-
tively. L0 and L1 are the distance from the beam source to the sample holder and from
the sample holder to the detector at scattering angle of θ. t0 is the predetermined spec-
trometer dead time. Therefore, for a TOF detector placed at a fixed scattering angle,
θ, with a fixed final neutron energy, E1, the energy and momentum of the incident
neutron beam and the energy transfer can be extrapolated [242–244]. The count rate
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of C(t) in the TOF domain can then be transformed into the dynamic structure factor
of S(|q(t)|, ω(t)), where one should observe a recoil peak Doppler-broadened by the
nuclear momentum distribution (NMD) [242–244]. Such broadening often leads to an
overlap between the recoil peaks of different nucleus species. To ensure good mass
resolution, placing a set of detectors at different scattering angles with a preference for
high-angle is necessary.

The high momentum transfer from the epithermal neutron to a nucleus, q(t), leads
to a dynamic structure factor, S(|q(t)|, ω(t)), which can be described by the so-called
impulse and incoherent approximation and convolution approximation. Within these
approximations, scattering occurs so rapidly that the distinction between the coherent
and incoherent cross-section becomes immaterial. In consequence, the coherent and
incoherent structure factors merge into the so-called total structure factor, which de-
pends only on the total scattering cross-section. This unique feature renders the NCS
technique sensitive to every scattering event, thus improving the detection limit [242–
244]. Based on these approximations, the total count rate of a given sample can be ex-
pressed as Equation 3.45 [242–244].

C(t) = [E0(t)I(E0(t))]∑
iM

AiM SiM(|q(t)|, ω(t))

=
E0(t)I(E0(t))

h̄2|q(t)| ∑
iM

AiM MJiM(yiM(t))
(3.45)

Where the prefactor, E0(t)I(E0(t)), is the normalization of the NCS spectrum to the
incident neutron spectrum. h̄ is the reduced Planck constant. AiM is the proportional-
ity constant representing the contribution from the nucleus species indexed iM, and
it is proportional to the product of the stoichiometry of the species in the sample
and the total cross section of this species. SiM(|q(t)|, ω(t)) can be approximated to

M
h̄2|q(t)| JiM(yiM(t)) by applying the impulse approximation [242, 244]. This approxima-
tion assumes that a neutron recoils freely after being struck by a nucleus, meaning that
the neutron travels along a straight line and with a constant velocity [242, 244].

The so-called West scaling variable, yiM(t), can be interpreted as the longitudinal mo-
mentum of a given nucleus, as expressed in Equation 3.46 [242–244].

yiM(t) =
M

h̄2|q(t)|

(
ω(t)− h̄2|q(t)|2

2M

)
(3.46)

A nucleus with a mass of M possesses a fixed momentum at a given moment. Ev-
ery time a neutron scatters another nucleus of the same type in the sample, it ran-
domly samples the momentum distribution of this nucleus. After many such col-
lisions, the sum of different scattering processes from individual neutrons leads to
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a probability distribution termed the longitudinal momentum distribution or NMD,
JiM(yiM) [242–244]. The most common expression of the NCS profile is an isotropic
single-dimensional Gaussian, as Equation 3.47 showed [242–244].

JiM(yiM) =
1√

2πσ2
exp

(
− y2

2σ2

)
(3.47)

Where σ is the standard deviation of NMD.

The impulse approximation is not practical due to the effects originating from the
neighbouring nuclei [244]. An additive term called the final state effect (FSE) correction
needs to be added to Equation 3.47. In practice, the FSE correction is generated auto-
matically based on the shape of JiM(yiM), and is proportional to the third derivative
of JiM(yiM) over yiM for each nucleus [242–244]. Further considering the instrumental
mass-dependent resolution, the final NCS expression can be written in Equation 3.48
[242–244].

C(t) =
E0(t)I(E0(t))

h̄2|q(t)| ∑
iM

AiM M

(
JiM(yiM(t))−

σ
√

2
12|q(t)|

d3 JiM(yiM(t)
dyiM(t)

3

)
×RiM(yiM(t))

(3.48)

Where RiM(yiM(t)) is the resolution function [242–244].

Importantly, in the NCS technique, there is no need to assign peaks. Given a sample
composition, the mass of each nucleus uniquely determines the peak position. The po-
sition of a recoil peak is given by Equation 3.49 [243].

v1(t)
v0(t)

=
cosθ +

√
(M/m)2 − sinθ2

M/m + 1
(3.49)

Where M and m are the mass of neutrons and nuclei, θ is the scattering angle, v0(t)
and v1(t) are the initial and velocities of neutrons, and t is the TOF flight. There-
fore, one can expect that when M = m, i.e., the neutron scattering from a proton, this
equation reduces to v1/v0 = cosθ/2. Therefore, the proton can only be measured at
forward scattering angles, while the rest of the heavier nuclei dominate the backscat-
tering angles [243]. This selective measurement of protons offers a unique advantage
in proton-related studies.

3.10.3 Experimental details of NPD & NCS

NCS and NPD measurements were performed concurrently on a neutron Compton
scattering spectrometer, VESUVIO, at the ISIS Neutron and Muon Source, Rutherford
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Appleton Laboratory, UK [242]. The instrumental configuration of the VESUVIO spec-
trometer is presented schematically in Figure 3.16 [235]. The powder samples of ∼30 g
each were loaded into square-shaped Al containers of 0.1 mm wall thickness and mea-
sured at RT. The cross-sectional area between the neutron beam and a sample is about
20 cm2, while the proton detection limit of neutron Compton scattering in VESUVIO is
38.4 µmol/cm2 [238, 245].

FIGURE 3.16: Schematic diagram of VESUVIO spectrometer. The foil
changers are placed in between the sample and sensors to fix the value
of the final energy of the neutrons in the so-called inverted-geometry
configuration. Reproduced from [235] with permission from American

Physical Society.

The raw data from NPD were processed and visualised using Mantid software [246].
NCS raw data were reduced and fitted using the "VESUVIO analysis" algorithm im-
plemented in Mantid software [247]. The mathematical expression for the single-
dimensional Gaussian fitting process was given in the previous section. The trans-
mission coefficient required for NCS fittings was estimated using a Beer-Lambert law-
based "VESUVIO Transmission" algorithm implemented in Mantid software [248]. The
initial guessed NMD width of each element was estimated using the "VESUVIO Peak
Prediction" algorithm implemented in Mantid software, which is based on a bond-free
single nucleus model [247]. The relative intensity ratio of each element except H and
Al was predetermined using the techniques mentioned above. The NMD width of Al,
which is the sample container, was determined from the blank measurement and fixed
to 13.5±0.5 Å−1.
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Chapter 4

Exploring the behaviours of W- and
Mo-substituted LaNbO4 under
hydrogen atmospheres

This chapter presents a comprehensive study exploring the behaviours of W- and Mo-
substituted LaNbO4 under hydrogen atmospheres from mainly crystal structural, com-
positional, and redox perspectives. First, the successful synthesis of the target samples
was confirmed. The pristine samples were then treated with hydrogen and investi-
gated using multiple techniques, such as XRD, XPS, and SEM. The excellent stability
of W-substituted LaNbO4 was uncovered compared to the strong reduction of Mo-
substituted LaNbO4.

4.1 Validation of synthesis

The relationship between unit cell parameters, miller indices and d-spacings for mon-
oclinic and tetragonal phases can be expressed as Equation 4.1.

Monoclinic :
1
d2 =

1
sin2β

(
h2

a2 +
k2sin2β

b2 +
l2

c2 − 2hlcosβ

ac

)
Tetragonal :

1
d2 =

h2 + l2

a2 +
k2

b2

(4.1)

Where h, k, l, and d are the Miller index and d-spacing. a, b, c and β are lattice pa-
rameters. One can find that when β = 90◦ and a = c, there is a change to 4-fold
symmetry, and the monoclinic phase will transition to the tetragonal phase. A progres-
sively changed β angle has been reported in the in-situ high-temperature XRD studies
of pristine LaNbO4 [132, 173]. The β angle changes from ∼94◦ at RT to eventually 90◦

becoming a tetragonal phase [132, 173]. Therefore, the β angle was suggested to be
used as an indicator of the symmetry of LaNbO4 based materials [132, 151, 152, 249].
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FIGURE 4.1: XRD patterns of LNW16 and LNMo16, together with mon-
oclinic and tetragonal phases of pristine LaNbO4 [132, 173]. The reflec-
tions from the modulated structure in LNW16 and LNMo16 are marked

by the ∇ symbol.

Figure 4.1 presents the as-sintered 16% W- and Mo-substituted LaNbO4, hereinafter de-
noted as LNW16As and LNMo16As, respectively. Compared to the pristine monoclinic
fergusonite phase LaNbO4 at RT, one noticeable feature of LNW16As and LNMo16As
is that many peaks are closer to each other, more similar to the pristine tetragonal
scheelite phase LaNbO4 at high temperatures. Especially for LNW16As, the peak
with the highest intensity becomes inseparable. This peak merging proves the high-
temperature phase stabilising ability of W6+ and Mo6+ substitution in LaNbO4 [136,
137, 151, 152]. Le Bail refinements were conducted to extract the β angle of both sam-
ples, as shown in Figure 4.2. The β angle of LNW16As and LNMo16As is 90.663(3)◦

and 90.968(3)◦, respectively, suggesting a relatively better high-temperature phase sta-
bilising ability of W6+ substitution than Mo6+ substitution. However, the β angle of
>90◦ also suggests that the tetragonal phase does not fully stabilise in RT.

Figure 4.3 shows in-situ high-temperature XRD patterns of LNW16As and LNMo16As.
The patterns shift to a lower 2θ angle with increasing temperature due to thermal ex-
pansion of the lattice. The higher background intensity at the higher 2θ angle is due
to the use of an auto-slit, which probes a larger sample volume at a higher 2θ angle.
For LNW16As, the phase becomes fully tetragonal at 200 ◦C, while for LNMo16As,
the transition occurs at 300 ◦C. These transition temperatures are inconsistent with the
phase diagrams presented in Figure 2.11 [151, 152]. In addition, it was observed that
the RT patterns in Figure 4.3 are not exactly the same as the patterns in Figure 4.1.
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FIGURE 4.2: Le Bail refinement results of (a) LNW16As and (b)
LNMo16As. The small reflections from the modulated structure are
excluded from the refinement, as only the unit cell is refined without
considering the supercell. The extracted lattice parameters were sum-
marised in Table 4.2. Adapted from [250] with permission under a Cre-

ative Commons Attribution-NonCommercial 3.0 Unported Licence.

The refined β angles are 90.311(8)◦ and 90.846(4)◦ for LNW16As and LNMo16As, re-
spectively. Similar phenomena have been reported in other works, indicating that the
actual phases of LNW16As and LNMo16As are sensitive to heat treatments [151, 152].
This hysteresis effect is probably due to the slow kinetics of the phase transition, which
traps the tetragonal phase at a lower temperature [152].

Another interesting feature presented in Figure 4.1 and 4.3 is the small reflections from
the modulated structure. These small reflections are maintained throughout the mea-
suring temperature range except LNMo16As at 800 ◦C, in accordance with the phase
diagrams presented in Figure 2.11 [151, 152]. The modulated structure was further in-
vestigated using TEM and SAED. Figure 4.4 (a) and (b) present the TEM image and
corresponding SAED diffraction pattern of LNW16As with a (3+2)D-modulated struc-
ture. The calculated d-spacing of 1.75 nm refers to the modulated structure indexed by
the modulated vectors of q1≈0.23a + 0.18c and q2≈− 0.15a + 0.22c. For LNMo16As,
a (3+1)D-modulated structure was found in Figure 4.4 (c) and (d). The calculated d-
spacing of 1.90 nm refers to the modulated structure indexed by the modulated vectors
of q1≈0.38a + 0.25b + 0.02c. These satellite peaks in SAED patterns clearly confirm
the existence of the modulated structure in both samples. Although only a (3+1)D-
modulated structure in LNMo16As was visualised, the (3+2)D- and (3+1)D-modulated
structures could coexist in both samples as suggested by the previous work [165].

The above XRD results suggested that LNW16As and LNMo16As have been success-
fully synthesised without the sign of a secondary phase in XRD patterns. Figure 4.5
shows the SEI and EDS mapping images of LNW16As and LNMo16As, respectively.
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FIGURE 4.3: In-situ high-temperature and RT XRD patterns of (a)
LNW16As and (b) LNMo16As, respectively. The phase transition tem-
perature of LNW16As and LNMo16As are around 200 and 300 ◦C, re-
spectively. The patterns shift to a lower 2θ angle with increasing tem-
perature due to thermal expansion of the lattice. The tilted patterns are
due to the use of an auto-slit, which probes a larger sample volume at a

higher 2θ angle.

TABLE 4.1: Normalized atomic ratios of B-site cations in LNW16As and
LNMo16As, respectively.

Cation LNW16As (at%) LNW16H2 (at%) Theoretic (at%)
Nb 84.7±0.3 84.6±0.3 84.0
W 15.3±0.2 15.4±0.3 16.0

Cation LNMo16As (at%) LNMo16H2 (at%) Theoretic (at%)
Nb 84.6±0.5 84.0±0.5 84.0
Mo 15.4±0.6 16.0±0.6 16.0

The average grain size of LNW16As and LNMo16As is 4.25±0.60 µm and 6.07±1.17
µm, respectively. Compared to LNMo16As, LNW16As presents a smaller average
grain size with a more unified size distribution, suggesting better sintering. The rela-
tive density difference, 95.6% of LNW16As and 93.0% of LNMo16As, further confirms
this sintering difference. However, pores were rare to observe in Figure 4.5, suggesting
a suitable overall sintering condition for both samples. The EDS mapping images in
Figure 4.5 indicate a good homogeneity of the compositional distribution. The W- and
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FIGURE 4.4: (a) TEM image and (b) SAED pattern of LNW16As
along the [010] zone axis; (c) TEM image and (d) SAED pattern of
LNMo16As along the [110] zone axis. The calculated d-spacing is 1.75
nm for LNW16As and 1.90 nm for LNMo16As, respectively. Vectors,
qi, label the satellite reflections from modulated structures. Adapted
from [250] with permission under a Creative Commons Attribution-

NonCommercial 3.0 Unported Licence.

Mo-substitution concentrations were analysed and summarised in Table 4.1. Although
the atomic ratios deviate from theoretical values, these ratios are still reasonable within
the instrumental uncertainty range of the EDS, suggesting that the target substitution
concentration is achieved.

In summary, both samples possess a monoclinic phase (C2/c or I2/a, #15). The pre-
viously reported modulated structure was confirmed in both samples. The phases of
both samples are homogeneous with an expected substitution concentration of ∼16
at%. The above results validate the successful synthesis of the starting materials in this
work.
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FIGURE 4.5: SEI and corresponding EDS mapping images of (a)
LNW16As and (b) LNMo16As. The spectrum line and scale bar infor-

mation on the bottom were relabelled for readability.

4.2 Structural and chemical studies

To explore the potential effect of hydrogen atmospheres on the samples, both LNW16As
and LNMo16As underwent heat treatments at 800 ◦C under 5% H2 conditions for dif-
ferent holding times, as presented in Figure 4.6 and 4.7. The temperature of 800 ◦C was
chosen as it is the upper limit operating temperature for most PCFCs [46, 47]. In addi-
tion, Figure 4.6 and 4.7 also indicate that treatment with hydrogen at 800 ◦ C for 2 hours
is sufficient. The extension of the treatment time did not lead to significant changes in
the samples. Therefore, hereinafter, LNW16As and LNMo16As that underwent heat
treatments at 800 ◦C under 5% H2 conditions for 2 hours are denoted as LNW16H2
and LNMo16H2, respectively.

For LNW16As, the XRD patterns in Figure 4.6 are almost identical, suggesting an ex-
cellent structural stability of LNW16As. The modulated reflections exist in each pat-
tern, suggesting that the hydrogen treatment does not affect the modulated structure.
However, a subtle difference in peak width can be observed, where the peak width of
hydrogen-treated samples is narrower than that of LNW16As. Figure 4.8(a) presents
the Le Bail refinement of LNW16H2. The refined β angle of LNW16H2 is 90.390(4)◦

slightly smaller than of LNW16As. This difference is likely due to the above-mentioned
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FIGURE 4.6: XRD patterns of LNW16As, LNW16H2 and elongating the
hydrogen treatment time to 8, 16 and 24 hours, respectively. The 24-
hour hydrogen-treated sample was then re-oxidised at 800 ◦C under
ambient conditions for 4 hours and was labelled as “LNW16H2-Re”.

The modulated reflections are marked by the ∇ symbol.

hysteresis effect. To further validate this effect, the 24-hour hydrogen-treated sample
was re-oxidised at 800 ◦C under ambient conditions for 4 hours. The sharp peak is
maintained with the refined β angle of 90.432(3)◦, indicating that the sample and its
modulated structure are unaffected by the reduction treatment.

However, the structural change is significant for LNMo16As. After hydrogen treat-
ments, the near-tetragonal phase transited to a fully monoclinic phase analogous to
the pristine LaNbO4. Figure 4.8(b) presents the Le Bail refinement of LNMo16H2. The
refined β angle of LNMo16H2 is 94.004(1)◦ again analogous to that of pristine LaNbO4.
The modulated reflections also diminished after hydrogen treatments. The modulated
structure in this type of material has been reported to be highly correlated with in-
terstitial oxygen defects [158, 159]. Therefore, the disappearance of the modulated
reflections and the monoclinic transition strongly suggest the reduction of LNMo16As
under hydrogen conditions. The same re-oxidation procedure was conducted for a
24-hour hydrogen-treated sample, and the reduction was found to be fully reversible.
The refined β angle of LNMo16H2-Re is 90.956(2)◦. The slight pattern and β angle
differences are again due to the hysteresis effect.

Figure 4.9 presents the SEI images and their corresponding EDS mapping images of
LNW16H2 and LNMo16H2, respectively. The average grain sizes of LNW16H2 and
LNMo16H2 are 5.10±0.65 µm and 5.53±0.85 µm, respectively. Table 4.1 summarised
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FIGURE 4.7: XRD patterns of LNMo16As, LNMo16H2 and elongating
the hydrogen treatment time to 8, 16 and 24 hours, respectively. The
24-hour hydrogen-treated sample was then re-oxidised at 800 ◦C under
ambient conditions for 4 hours and was labelled as “LNMo16H2-Re”.

The modulated reflections are marked by the ∇ symbol.

the concentrations of W and Mo substitution of both samples. There is no noticeable
difference between the as-sintered and hydrogen-treated samples from the morphol-
ogy and compositional points of view.

TABLE 4.2: Refined lattice parameters of all four samples from Le Bail
refinements. Adapted from [250] with permission under a Creative

Commons Attribution-NonCommercial 3.0 Unported Licence.

LNW16As LNW16H2 LNMo16As LNMo16H2
a(Å) 5.3694(2) 5.3474(3) 5.3834(2) 5.5583(1)
b(Å) 11.6707(4) 11.6848(4) 11.6555(7) 11.5333(2)
c(Å) 5.3238(2) 5.3463(3) 5.3140(2) 5.2023(1)
β(◦) 90.663(3) 90.390(4) 90.968(3) 94.004 (1)

V(Å3) 333.58(1) 334.05(1) 333.38(2) 332.68(1)
Rwp(%) 8.28 9.81 8.35 9.51

GOF 3.45 3.93 3.46 3.90

For the sake of direct comparison, the refined lattice parameters were summarised in
Table 4.2. The relatively poor refinement qualities imply the coexistence of the mono-
clinic and tetragonal phases [131, 132]. It is intriguing to see such structural differences
realised by simply changing the substitution species. W and Mo are generally regarded
as vulnerable elements in the form of binary oxides, WO3 and MoO3, easily changing
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FIGURE 4.8: Le Bail refinement results of (a) LNW16H2 and (b)
LNMo16H2. The small reflections from the modulated structure are
excluded from the refinement, as only the unit cell is refined without
considering the supercell. The extracted lattice parameters were sum-
marised in Table 4.2. Adapted from [250] with permission under a Cre-

ative Commons Attribution-NonCommercial 3.0 Unported Licence.

FIGURE 4.9: SEI and corresponding EDS mapping images of (a)
LNW16H2 and (b) LNMo16H2. The spectrum line and scale bar in-

formation on the bottom were relabelled for readability.

their valence state [174, 251]. However, there are very few publications investigat-
ing the behaviour of W and Mo in the form of substitution in hydrogen atmospheres.
Marrero-Lopez et al. studied W-substituted La2Mo2O9 and Mo-substituted La2W2O9
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suggesting W has better redox stability than Mo [252, 253]. However, the materials
studied in these works are not in a single phase comprising their arguments. The
conclusion may not be applicable for LaNbO4 based materials, given the structural
difference. So far, there has been only one publication that reported phase reduction of
Mo-substituted LaNbO4 without further detailed analyses [139]. Therefore, the redox
behaviour of W and Mo in LaNbO4-based materials is worth exploring in detail.

4.3 Redox study

4.3.1 XPS study

Potential reductions can be expressed in Equation 4.2, assuming that W6+ and Mo6+

were only reduced to W5+ and Mo5+ [254]. The charge is compensated for by simul-
taneous oxygen loss, as expressed in Equation 4.3 [254]. To verify these equations, one
would need to determine the valence states of the cations and the oxygen stoichiome-
try of the samples.

W ·
Nb + e′ = W×

Nb

Mo·Nb + e′ = Mo×Nb

(4.2)

H2(g) + O′′
i = H2O(g) + 2e′

H2(g) + O×
O = H2O(g) + V··

O + 2e′
(4.3)

XPS is an easy-accessible technique for determining the valence state. Figure 4.10 and
4.11 present the normalized XPS spectra of all samples. The La 3d spectra in Figure
4.10(a) and 4.11(a) are more complex than other spectra due to the multiplet-splitting,
making fitting these spectra challenging. However, the energy difference between each
split peak was reported to be a good indicator for determining the valence state [255–
257]. For all samples, the energy difference is the same, ∆1 = ∆2≈4.6 eV, suggesting a
La3+ cation state. The Nb 3d spectra in Figure 4.10(b) and 4.11(b) showed clear doublet
peaks, suggesting a Nb5+ cation state. Note that the doublet peaks in Nb 3d spectra
of LNMo16H2 are wider than other samples, suggesting more disordered Nb-O bonds
with a binding energy more deviated from the average.

The W 4f XPS spectra of LNW16As and LNW16H2 both showed shoulders represent-
ing W cations with a valence state lower than +6. The spectra were adequately fitted by
three sets of double peaks representing W6+, W5+, and W4+, respectively. The fitting
results are summarised in Table 4.3. After hydrogen treatments, the atomic fraction of
W6+ was slightly reduced with a subtle increase in W5+ and W4+ cations. In addition,
a peak of the hydroxyl group (-OH) was observed in the O 1s spectrum of LNW16H2,
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TABLE 4.3: Normalized atomic ratios of W cations with different va-
lence states and different oxygen species in LNW16As and LNW16H2
extracted from XPS fittings. The binding energy of each fitted W 4 f7/2
and O 1s peak after C 1s calibration is listed in the brackets. Adapted
from [250] with permission under a Creative Commons Attribution-

NonCommercial 3.0 Unported Licence.

Valence state LNW16As (at%) LNW16H2 (at%)
W6+ 67.7 (35.8 eV) 63.0 (35.8 eV)
W5+ 26.2 (34.7 eV) 29.8 (34.7 eV)
W4+ 6.1 (33.5 eV) 7.2 (33.5 eV)

Oxygen species LNW16As (at%) LNW16H2 (at%)
[O]lattice 89.7 (530.5 eV) 77.8 (530.6 eV)
[O]sur f ace 10.3 (531.5 eV) 11.1 (531.6 eV)
−OH - 11.1 (532.9 eV)

TABLE 4.4: Normalized atomic ratios of Mo cations with different va-
lence states and different oxygen species in LNMo16As and LNMo16H2
extracted from XPS fittings. δi+ represents the valence state of Mo
cations between 0 and +4. The binding energy of each fitted Mo 3d5/2
and O 1s peak after C 1s calibration is listed in the brackets. Adapted
from [250] with permission under a Creative Commons Attribution-

NonCommercial 3.0 Unported Licence.

Valence state LNMo16As (at%) LNMo16H2 (at%)
Mo6+ 46.4 (233.1 eV) 30.0 (233.2 eV)
Mo5+ 35.6 (231.8 eV) 34.0 (231.9 eV)
Mo4+ 7.4 (230.4 eV) 11.9 (230.6 eV)
Moδ1+ 4.8 (229.8 eV) 9.5 (229.9 eV)
Moδ2+ 5.8 (229.1 eV) 10.0 (229.5 eV)
Moδ3+ - 4.6 (227.9 eV)

Oxygen species LNMo16As (at%) LNMo16H2 (at%)
[O]lattice 91.3 (530.4 eV) 74.8 (530.5 eV)
[O]sur f ace 8.7 (531.6 eV) 12.7 (531.3 eV)
−OH - 12.5 (532.4 eV)
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FIGURE 4.10: Normalized XPS spectra of (a) La 3d, (b) Nb 3d; (c) fitted
XPS spectra of W 4f in (top) LNW16As and (bottom) LNW16H2; (d)
fitted XPS spectra of O 1s in (top) LNW16As and (bottom) LNW16H2.
The "LF" in W 4f spectra represents the loss feature of W6+. Adapted
from [250] with permission under a Creative Commons Attribution-

NonCommercial 3.0 Unported Licence.

indicating the formation of metal hydroxide. The proton incorporation mechanism can
explain this formation as shown in Equation 2.13 [70, 71]. However, given that XPS is
a surface-sensitive technique, it is not feasible to determine whether the hydroxide is
surface-limited or can penetrate deeper into the bulk.

The Mo 3d XPS spectra of LNMo16As and LNMo16H2 are more complicated with
dominant shoulder characteristics. The fitting results are summarised in Table 4.4. Due
to the difficulty in assigning Mo cations with a low valence state, the notation of Moδi+

was used to represent the valence state of Mo cations between 0 and +4. After hydro-
gen treatments, the atomic fraction of Mo6+ was reduced dramatically from 46.4 at%
to 30.0 at%, while the double peaks representing lower valence states increased sig-
nificantly. These changes clearly indicate the reduction of Mo cations under hydrogen
conditions. Similarly to LNW16H2, a peak of the hydroxyl group (-OH) was observed
in the O 1s spectrum of LNMo16H2 with a higher atomic fraction than LNW16H2. This
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FIGURE 4.11: Normalized XPS spectra of (a) La 3d, (b) Nb 3d; (c) fitted
XPS spectra of Mo 3d in (top) LNMo16As and (bottom) LNMo16H2;
(d) fitted XPS spectra of O 1s in (top) LNMo16As and (bottom)
LNMo16H2. δi+ represents the valence state of Mo cations between
0 and +4. Adapted from [250] with permission under a Creative Com-

mons Attribution-NonCommercial 3.0 Unported Licence.

higher fraction is in line with the heavier reduction of Mo6+ cations, also suggesting
a better proton incorporation capability. The shift towards a lower binding energy of
the peak representing Osur f ace in Figure 4.11(d) further indicates the dramatic change
of the local bonding environment due to the substantial reduction of Mo cations on the
surface.

The above results suggest that both LNW16As and LNMo16As were reduced under
hydrogen atmospheres. However, many studies have argued that XPS technique might
not be ideal for determining the valence state of some elements, such as W and Mo, due
to high vacuum measuring conditions and the use of the flood gun [174, 258]. These
measuring conditions might reduce cations, resulting in incorrect estimation of valence
states. To verify this argument, XPS iteration spectra were collected, as presented in
Figure 4.12.

For the XPS iteration for the W 4f spectra in Figure 4.12(a) and (b), a small shoulder was
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FIGURE 4.12: Normalized XPS iteration spectra of (a) W 4f and (b) O
1s in LNW16As, and (c) Mo 3d and (d) O 1s in LNMo16As. The red ar-
row highlights the change tendency in spectra as a function of iteration
time. Adapted from [250] with permission under a Creative Commons

Attribution-NonCommercial 3.0 Unported Licence.

raised on the low binding energy side, indicating the spontaneous reduction of W6+

under the XPS measuring conditions. The main double peaks, which represent W6+,
also shifted to a higher binding energy. A similar shift phenomenon was also found in
O 1s iteration spectra of LNW16As. Given the highly insulating nature of LNW16As,
this shift is likely due to the surface charge accumulation with the measuring time,
which was not observed in the similar iteration measurement of WO3 [174].

For the XPS iteration for the Mo 3d spectra, the shoulder features were more significant
and grew faster with the measuring time. The energy shift was not presented in the
Mo 3d spectra and became subtle in the O 1s iteration spectra of LNMo16As. This en-
ergy shift difference between LNW16As and LNMo16As is likely due to the relatively
higher surface conductivity of LNMo16As after reduction compared to LNW16As.

The XPS iteration spectra clearly demonstrated the limitation of precisely determining
the valence states of W and Mo cations. The exact atomic fractions might be incorrectly
estimated due to the spontaneous reduction triggered by XPS measuring conditions.
However, the XPS spectra still indicated the redox stability difference between the W
and Mo cations. The redox stability of LNW16 is clearly much better than that of
LNMo16 under hydrogen atmospheres.
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4.3.2 Spin resonance and thermogravimetric studies

The electronic structure of the W and Mo cations offers an excellent opportunity to
probe the valence states indirectly using the ESR technique. Reducing W6+ and Mo6+

to W5+ and Mo5+ will introduce a single unpaired electron, generating an ESR signal
with a unique g-factor under an applied magnetic field. Figure 4.13(a) shows the ESR
spectra of LNW16As and LNW16H2 measured at 100 K in air. Three unpaired electron
signals with a g-factor of 2.061, 2.003 and 1.960 were found. Similar signals were also
found in LNMo16As with the same g-factors, as shown in Figure 4.13(c), suggesting
these signals do not originate from cations. The signal of 2.003 comes from the semi-
free electron trapped in the surface defects [207]. Meanwhile, previous studies have
reported that the signals of 2.061 and 1.960 originate from the superoxide ion, O−

2 , and
the singly ionised oxygen vacancy, V·

O in bulk and/or on the surface of the samples
[210, 211, 259]. The ESR spectra of Ar-treated LNW16As further verified this statement,
as presented in Figure 4.13(d). The sample was calcined at 800 ◦C for 2 hours in pure
Ar atmospheres, and then the ESR spectra were collected under the same measurement
conditions. The fully flat spectra suggested that all three signals were from surface
defects and could be easily removed under mild conditions.

Both LNW16As and LNW16H2 did not show a signal in the range of 1.500 to 1.800,
indicating that the valence state of W cations is entirely +6 before and after hydro-
gen treatments. Another distinct feature in Figure 4.13(a) is the intense signal of 2.003
in LNW16H2. Because the surface oxygen defects were removed after hydrogen treat-
ments, this semi-free electron signal can no longer be explained as trapped in those sur-
face oxygen defects. Many studies have reported this signal as a so-called F-centre that
represents surface-trapped electrons correlated with surface hydrogen defects [102,
103, 260, 261]. This hypothetical F-centre signal is consistent with the emergence of
hydroxyl groups in the above XPS measurements, further increasing the credibility of
the proton incorporation mechanism in Equation 2.13. However, the detailed identifi-
cation of this signal is too complex and beyond the scope of this work.

In contrast, Figure 4.13(b) shows a intensive signal of 1.876 in LNMo16H2 while absent
in LNMo16As. This g-factor aligns with the values in the literature, suggesting the
formation of Mo5+ cations [208, 209]. The intensity of this signal is about 25 times
higher than that of the others. All measuring samples were approximately equal in
mass and the intensity of the EPR signal was proportional to the square root of the
concentration. Therefore, this signal is strong evidence that indicates the valence state
of Mo cations is entirely +6 in the as-sintered sample and is largely reduced to +5 after
hydrogen treatments. In addition, the signal intensity of 1.876 is so intense that the
F-centre signal was immersed, becoming undetectable.
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FIGURE 4.13: ESR spectra (100 K) of (a) LNW16 and (b) LNMo16; (c)
Comparison of LNW16As and LNMo16As; (d) ESR spectra (100 K) of
LNW16As after the heat treatment at Ar conditions (LNW16-Ar). The
short dash lines in each spectrum from left to right indicate the positions

of the g-factor at 2.061, 2.003, 1.960 and 1.875, respectively.

The above ESR results are consistent with the XPS studies, suggesting a better redox
stability of LNW16 than LNMo16. However, quantifying the valence state using ESR
remains challenging.

Another indirect method to determine the valence state is to evaluate the oxygen sto-
ichiometry. As expressed in Equation 4.3, a change in oxygen stoichiometry causes
a mass change, which is measurable using the TGA technique. Figure 4.14 shows
the mass change of all samples measured under flowing air conditions. All samples
showed a non-negligible increase in mass of ∼0.1 wt% from RT to around 180 ◦C. This
increase in the initial heating stage was attributed to the buoyancy effect owing to the
thermal ingredient in the measuring chamber. The insert of Figure 4.3(a) presents the
TGA result of the pure indium metal reference, where a similar increase in mass was
found, demonstrating the impact of the buoyancy effect.

After excluding the initial increase in mass, the changes in mass for both LNW16As
and LNW16H2 were less than 0.04 wt%, which is below the instrumental uncertainty.
This subtle difference suggests that the reduction of LNW16H2 is negligible, resulting
in a negligible re-oxidation during TGA measurements with a negligible mass change.
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FIGURE 4.14: TGA results of (a) LNW16 and (b) LNMo16 collected
from RT to 800 ◦C at flowing air conditions. The subtle mass differ-
ence in (a) falls within the instrumental uncertainty. The TGA result
of pure indium metal reference is presented in the inset of (a), clearly
indicating the buoyancy effect at the initial heating stage. Adapted
from [250] with permission under a Creative Commons Attribution-

NonCommercial 3.0 Unported Licence.

This result is consistent with the above ESR results, suggesting that the W6+ cations
remained stable before and after hydrogen treatments.

In contrast, the TGA result of LNMo16H2 showed a significant mass gain of 0.28 wt%,
suggesting the Mo cations were re-oxidised during the TGA measurement. This result
also suggested that the oxidation started above 200 ◦C. As suggested by ESR results,
assuming the valence state of the Mo cations in LNMo16H2 was fully re-oxidised back
to +6, then the valence state of Mo cations in LNMo16H2 was estimated to be +5.35,
giving a nominal composition of LaNb0.84Mo0.16O4.028.

In conclusion, the average valence state of W and Mo cations was determined from
the TGA results, indicating excellent redox stability of LNW16 while LNMo16 cannot
be reduced to below +5. However, given the unavoidable buoyancy effect, limited
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instrumental accuracy, and absorption/desorption of surface species, the valence state
extrapolated from TGA is often found to deviate from the actual value. An approach
that can directly determine the valence state of cations is favourable.

4.3.3 XAS study

The XAS technique is one of the very few techniques that allows direct determination
of the valence state at ambient conditions. The valence state of an element can be easily
determined by locating either the edge position, e0, or the white line. Figure 4.15(a) and
Figure 4.16(a) presented the XAFS spectra of the Nb K edge in all samples. The edge
position, e0, of each sample is located at 19003.8 eV, aligning well with the position of
the LaNbO4 and Nb2O5 reference samples. This suggests that Nb cations in all samples
maintain a valence state of +5 regardless of any change. The energy uncertainty of all
edge positions and white lines in Figure 4.15 and Figure 4.16 is estimated well below
the energy step size of 0.35 eV and therefore not given in this work.

Apart from the edge position, there are apparent geometrical differences in the pre-
edge and post-edge areas. Therefore, the Nb K-edge spectra were reconstructed in
Figure 4.17 for direct comparison. The pre-edge shoulder and the separated double-
peak feature in the post-edge area were found to be highly correlated with the local
coordination structures [177–180, 262, 263]. The pre-edge shoulder originated from the
forbidden 1s-4d transitions becoming allowed due to the 5p-4d hybridisation [180, 264].
This allowed transition can be enhanced by charge transfer between Nb 4d orbitals and
O 2p orbitals [180, 264]. Such intense pre-edge shoulder may reflect highly disordered
environments around Nb cations [180]. Meanwhile, post-edge features were assigned
to the 1s-4p transitions, which is highly correlated with the distortion of the NbO6

octahedra [180–182]. Typically, materials that contain the NbO6 octahedra possess a
well-separated double-peak feature [155, 180–182]. Therefore, this feature can be used
to determine the existence of the NbO6 octahedra.

In Figure 4.17, LNMo16H2 exhibits the most intense pre-edge shoulder and a well-
resolved post-edge feature, similar to pristine LaNbO4, suggesting a highly disordered
coordination environment of NbO6. In contrast, LNMo16As possessed a more ordered
NbO4 coordination environment suggested by both flat features. Interestingly, both
LNW16As and LNW16H2 possessed less flat post-edge features with intense pre-edge
shoulders, suggesting a disordered NbO4 coordination environment for both samples.
It should be mentioned that there is no direct correlation between the intensity of the
pre-edge shoulder and the coordination number, which has been proved by in-situ
high-temperature XAFS experiments of LNMo10 [155].
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FIGURE 4.15: Normalized synchrotron XAFS spectra of (a) the Nb K-
edge and (b) the W L3-edge collected at ambient conditions. The vertical
dashed line indicates the position of e0 at 19003.8 eV in the Nb K-edge
spectra and the white line at 10212.0 eV in W L3-edge spectra, respec-
tively. Adapted from [250] with permission under a Creative Commons

Attribution-NonCommercial 3.0 Unported Licence.

Unlike the Nb K-edge, the XAFS spectra of the W L3-edge in Figure 4.15(b) presented
a distinctly different shape. The intense absorption peak is called the white line, orig-
inating from the dominant 2p-5d transitions [265–267]. The white line position of both
samples overlapped well with the position of WO3 at 10212.0 eV, suggesting that the
valence state of the W cations in both samples was purely +6. This result is in line with
the above results from ESR and TGA and is consistent with the previous study [267].
Meanwhile, the shape of the white line peak in the W L3-edge depends strongly on the
coordination environment [265–267]. The single, relatively sharp peak indicates a WO4

tetrahedral coordination environment, while a WO6 octahedral coordination environ-
ment results in a flat peak or even double peaks due to the t2g − eg orbital splitting
[265–267]. Therefore, the single, relatively sharp peak of both samples indicates their
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FIGURE 4.16: Normalized synchrotron XAFS spectra of (a) the Nb K-
edge and (b) the Mo K-edge collected at ambient conditions. The ver-
tical dashed line indicates the position of e0 at 19003.8 eV in the Nb
K-edge spectra and e0 at 20015.0 eV (orange) and 20017.0 eV (blue) in

the Mo K-edge spectra, respectively.

WO4 tetrahedral coordination environment, while the flat peak of WO3 with the WO6

octahedral configuration further credits this conclusion.

In Figure 4.16(b), the edge position was shifted from 20017.0 eV in LNMo16As to
20015.0 eV in LNMo16H2. The Mo6+ cations in MoO3 possess the same edge position
at 20017.0 eV, suggesting the reduction of LNMo16 after hydrogen treatments. Zhou et
al. investigated a variety of Mo-containing materials, suggesting a linear relationship
between the edge position and the valence state, as expressed by Equation 4.4 [268,
269].

∆E = 3δ − 1 (4.4)
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Where ∆E is the edge position difference between Mo metal (20000 eV) and the mea-
sured sample, and δ is the valence state of the sample. This relation has been validated
in a study of LNMo10 [155]. The extracted valence state of Mo cations in LNMo16H2
was +5.33, which is in good agreement with the valence state of +5.35 extracted from
TGA results. Meanwhile, the XAFS spectra of the Mo K-edge showed pre-edge and
post-edge features similar to those of the Nb K-edge with similar origins [155, 180,
264]. The well-separated post-edge double-peak also functions as an indicator of the
MoO6 octahedra [155, 180, 264]. However, unlike the XAFS spectra from the Nb K-
edge, the intensity of the pre-feature shoulder of the Mo K-edge was reported to be
correlated with the coordination number, and more intense in the MoO4 tetrahedral
environment than in the MoO6 octahedral environment [155, 264, 270]. Therefore, Fig-
ure 4.16(b) clearly indicates the transition from MoO4 tetrahedra to MoO6 octahedra
after hydrogen treatments.

FIGURE 4.17: Comparison of the Nb K-edge XAFS spectra. The vertical
dashed line indicates the position of e0 at 19003.8 eV. The pre-edge and

edge features are highlighted by dotted boxes.

In conclusion, the valence states of Nb, W and Mo cations in each sample were directly
determined using the XAS technique. The excellent redox stability of LNW16 was
proved for the first time, while LNMo16 can be reduced easily with the valence state
of Mo cations not below +5. The XAFS spectra further suggested the change in the
coordination environment, which can be essential in understanding the behaviours of
these materials under the hydrogen atmospheres.
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4.4 Coordination study

The synchrotron XAFS spectrum is valuable because it can not only determine the
valence state of the absorbing atoms from the XANES part but also fit the local co-
ordination environments from the EXAFS part. Figures 4.18-4.21 present the EXAFS
fitting results of the Nb, W, and Mo cations in all samples. The different noise levels
in the higher wave number space were due to the slightly unstable input energy from
the synchrotron source, negligibly affecting the overall fitting results. The amplitude
reduction factor, S2

0, and the energy shift correction term, ∆E0 of each element were
determined from the EXAFS fittings of Nb2O5, WO3, and MoO3 commercial powders.
The values of S2

0 were fitted to be 1.00, 0.72, and 0.80 for Nb, W, and Mo, respectively,
which have also been reported and used in other EXAFS studies [155, 180, 271, 272].

FIGURE 4.18: The EXAFS fitting results of the Nb K-edge in (a)
LNW16As and (c) LNW16H2; the corresponding magnitude of Fourier-
transform of (b) LNW16As and (d) LNW16H2. The vertical dashed line

in each figure indicates the initial boundary of the fitting.

All EXAFS fittings were limited in the first neighbouring MO× coordination environ-
ment. A typical M − O bond length is greater than 1 Å. Therefore, the fitting ranges
started from 1 Å in the radial distance space indicated by the vertical dashed line in the
figures. The intensity below 1 Å is probably due to background signal noise. Mean-
while, the initial fit ranges in the photoelectron wave number space were set at 3 Å−1

to minimise multiple scattering and background interference from the XANES parts.
The fitting results are summarised in Table 4.5. N and R represent the averaged coor-
dination number and the bond length, respectively. The mean-squared-displacement,
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FIGURE 4.19: The EXAFS fitting results of the W L3-edge in (a)
LNW16As and (c) LNW16H2; the corresponding magnitude of Fourier-
transform of (b) LNW16As and (d) LNW16H2. The vertical dashed line

in each figure indicates the initial boundary of the fitting.

σ2, works as an indicator of the degree of disorder if the measurements were taken at
the same temperature [267]. Due to the lower concentration of W and Mo cations in
the samples, the EXAFS fitting quality of W L3- and Mo K-edge was relatively lower
than that of the Nb K-edge.

For LNW16, the coordination number of Nb cations in both samples was fitted to be
∼4.5. This fractional coordination number suggests that the interstitial oxygen ions
were located between two NbO4 units, forming a Nb2O9 unit, which is consistent with
other experimental and computational studies [155, 164]. This near-tetrahedral config-
uration agrees well with the flat post-edge features in Figure 4.17. The Nb − O bond
length of LNW16As was ∼1.89 Å, which is in good agreement with previous neutron
diffraction studies, while the bond length of LNW16H2 was ∼1.88 Å [47, 151]. There-
fore, these similar values in the coordination number and the bond length suggest a
similar local environment of Nb cations in both samples.

The situation of W cations in both samples was roughly the same. The coordination
number of the W cations was ∼4.0 with a bond length of ∼1.80 Å. This WO4 tetrahe-
dral configuration is in line with the sharp white line of both samples in Figure 4.15,
and is in good agreement with the previous study [267]. The slightly shorter W − O
bond length compared to Nb − O bond length is reasonable since W cations prefer a
WO4 tetrahedral configuration. Meanwhile, the smaller σ2 of the W cations suggests
that this WO4 tetrahedral configuration is more ordered than the Nb2O9 configuration.
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FIGURE 4.20: The EXAFS fitting results of the Nb K-edge in (a)
LNMo16As and (c) LNMo16H2; the corresponding magnitude of
Fourier-transform of (b) LNMo16As and (d) LNMo16H2. The vertical
dashed line in each figure indicates the initial boundary of the fitting.

FIGURE 4.21: The EXAFS fitting results of the Mo K-edge in (a)
LNMo16As and (c) LNMo16H2; the corresponding magnitude of
Fourier-transform of (b) LNMo16As and (d) LNMo16H2. The vertical
dashed line in each figure indicates the initial boundary of the fitting.
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In contrast, the coordination number of the Nb cations was fitted to ∼4.0 and ∼5.0
in LNMo16As and LNMo16H2, respectively. The value of ∼4.0 clearly indicates a
NbO4 tetrahedral configuration in LNMo16As, while the 5-coordinated environment
in LNMo16H2 is averaged from NbO4 and NbO6 units, as suggested in a previous DFT
study [152]. The difference in the bond length of ∼0.02 Å is negligible and could be
due to the average between the shorter and longer bond lengths of NbO4 and NbO6

units in LNMo16H2.

Similar changes can also be observed in the EXAFS fittings of Mo cations. The MoO4

tetrahedral configuration with a bond length of ∼1.78 Å in LNMo16As changed sig-
nificantly to the 5-coordinated environment with a longer bond length of ∼1.87 Å in
LNMo16H2. This dramatic change is consistent with the pre-edge shoulder and the
post-edge feature in Figure 4.16, strongly indicating the reduction of LNMo16 with the
change in the coordination environment of the Mo cations. The vast increase in σ2 also
suggests a highly disordered MoO× coordination environment in LNMo16H2.

TABLE 4.5: Extracted structural parameters of each sample from EXAFS
fittings. N,R, and σ2 represent the averaged coordination number, the
bond length and the mean-square-displacement in the radial distance

space, respectively.

Edge N R (Å) σ2 (Å2) R-factor
LNW16As Nb-K 4.67±0.22 1.891±0.005 0.006±0.001 0.012
LNW16H2 Nb-K 4.44±0.19 1.880±0.004 0.005±0.001 0.009
LNMo16As Nb-K 4.09±0.13 1.886±0.003 0.004±0.001 0.005
LNMo16H2 Nb-K 5.17±0.29 1.865±0.002 0.006±0.001 0.014
LNW16As W-L3 3.96±0.23 1.806±0.005 0.002±0.001 0.037
LNW16H2 W-L3 4.06±0.25 1.803±0.005 0.002±0.001 0.034
LNMo16As Mo-K 3.93±0.18 1.784±0.002 0.001±0.001 0.019
LNMo16H2 Mo-K 4.82±0.20 1.872±0.010 0.007±0.004 0.030

It is worth highlighting that many factors inevitably compromise the EXAFS fittings.
The selection of the window function and the fitting cut-off range, the mathematical
process of the lower and upper boundaries of the fitting data, the choice of the initial
structure for the single-scattering path calculations, and the exclusion of the multi-
scattering events all affect the fitting results. Therefore, EXAFS cannot resolve a perfect
local coordination environment. For example, the EXAFS fittings of LNMo16As failed
to locate the interstitial oxygen ions, since both the Nb and Mo cations were fitted to
be 4-coordinated.

However, the above EXAFS results clearly showed the distinct behavioural differences
between LNW16H2 and LNMo16H2, which is in good agreement with the results from
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other techniques. This consistency increased the credibility of the fitting results and the
arguments drawn on the basis of them.

In conclusion, the EXAFS fitting results agree well with the description of the coordi-
nation environment suggested by the XANES spectra. The coordination environment
of LNW16 remains stable after hydrogen treatments, while LNMo16 was dramatically
reduced, changing from a tetrahedral to a mixed tetrahedral and octahedral coordina-
tion configuration.

4.5 Conclusions

This chapter uses multiple techniques to examine how LNW16 and LNMo16 could
change under hydrogen atmospheres from structural, compositional, and redox per-
spectives. Overall, the results agreed well with each other, suggesting that LNW16 is
surprisingly stable under hydrogen atmospheres. In contrast, LNMo16 can be signif-
icantly reduced, changing the structure and reducing the valence state of Mo cations.
This behavioural difference sparked research interest in examining the influence of
these changes on performance, especially conductivity.
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Chapter 5

Electrochemical performances of W-
and Mo-substituted LaNbO4 under
reducing conditions

This chapter focuses on electrochemical performance studies of W- and Mo-substituted
LaNbO4, especially under reducing conditions. A strong correlation between the redox
effects discussed above and the conductivity changes was clearly demonstrated. The
proton conductivity, which uptakes protons directly from dry hydrogen atmospheres,
was presented and investigated.

5.1 Impedance study

Figure 5.1 presents two example Nyquist plots from LNW16. At lower temperatures,
the Nyquist plot showed two separable semicircles representing the grain boundary
and the electrode responses. Ideally, a "perfect" Nyquist plot should present three re-
sponses from bulk, grain boundary, and electrode, as presented schematically in Figure
3.11. However, the bulk response is usually tricky to detect due to the requirement of a
very high measurement frequency. The relation between the time constant, τ, and the
frequency, f , can be expressed as Equation 5.1.

f =
1

2πτ
(5.1)

Given the upper limit frequency of 1 MHz in this work, the lower limit time constant
of the response is ∼1.6×10−7 s. Then, assuming the bulk response has a typical capac-
itance of ∼1×10−12 F and based on Equation 3.37, the bulk resistance of larger than
1.6×105 Ω is required to allow the corresponding semicircle to become visible [219].
This high bulk resistance is not feasible at high temperatures. Therefore, for Nyquist
plots similar to Figure 5.1(a), the total resistances of the electrolyte were extracted using
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the equivalent circuit model presented in the insert of Figure 5.1(a). At higher temper-
atures, given the reduced resistance of the grain boundary, its semicircle diminished,
leaving only semicircles representing electrode responses visible. Therefore, the total
resistances of the electrolyte can only be estimated from the high-frequency intercepts.

FIGURE 5.1: Example Nyquist plot of LNW16 measured at (a) 618 ◦C
under dry air and (c) its corresponding fitting result from the KK test;
example Nyquist plot of LNW16 measured at (b) 813 ◦C under dry 5%
H2 and (d) its corresponding fitting result from the KK test. The insert in
(a) shows the corresponding equivalent circuit model. The inductance
part in (b) was truncated to −Z′′≈-1 Ω/cm2 figure readability and was

excluded from the KK test in (d).

Each EIS measurement was repeated multiple times to guarantee reproducibility. The
KK test further validated the obtained spectra, as presented in Figure 5.1(c) and (d).
Both measurements presented residuals smaller than 0.5% throughout the frequency
range, suggesting valid spectra with good quality [220]. It was noted that there was
a subtle imaginary residual bias, especially in Figure 5.1(c), where the residual consis-
tently deviated from zero. This bias usually indicates an invalid time-variance nature
[220]. However, elongating the delay time and repeating the measurements did not
show any noticeable change. In addition, the measuring temperature kept oscillating
slightly during the measurements. Therefore, this bias is likely due to fluctuations in
±3 ◦C in the furnace temperature, and the EIS spectra were in general validated.
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Figures 5.2 and 5.3 show the total conductivities of LNW16 and LNMo16 obtained from
the EIS spectra. For both LNW16 and LNMo16, the conductivity measured at elevated
temperatures under non-reducing conditions overlapped with each other, suggesting
pure ionic conduction. The proton conductivity under non-reducing conditions was
negligible, as there was no increase in conductivity under wet conditions. Both sam-
ples showed a linear conductivity increase with the temperature under non-reducing
conditions, suggesting that they remained stable under measured temperature and at-
mosphere conditions. The activation energy of each measurement was summarised in
Table 5.1 and Table 5.2. The higher activation energy of ∼1.50 eV for both samples sug-
gested their oxygen ion conducting nature [48, 85]. All these results were consistent
with the above discussions and previous studies, indicating that both samples were
good pure oxygen ion conducting electrolytes in the intermediate temperature range
under non-reducing conditions [138, 139, 152, 153, 250].

FIGURE 5.2: Total conductivity of LNW16 measured under different at-
mospheres. Adapted from [250] with permission under a Creative Com-

mons Attribution-NonCommercial 3.0 Unported Licence.

Despite the similar activation energy, the total conductivity of LNMo16 is about five
times higher than that of LNW16 under the same measuring conditions, suggesting
a higher concentration of charge carriers. Given that the concentration of interstitial
oxygen ions in both samples should be the same, as demonstrated in Chapter 4, this
conductivity difference strongly suggests the suppressed trapping effect on LNMo16,
resulting in a higher charge carrier concentration [152].

When it comes to reducing conditions, the conductivity behaviour of both samples is
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FIGURE 5.3: Total conductivity of LNMo16 measured under different
atmospheres. Adapted from [250] with permission under a Creative

Commons Attribution-NonCommercial 3.0 Unported Licence.

significantly different from that under non-reducing conditions, showing a consider-
able conductivity enhancement. Typically, the conductivity increases under reducing
conditions for electrolytes is attributed to the reduction of oxygen anions, as Equation
2.5 suggested [48, 273]. In this work, since both samples possess interstitial oxygen
ions, the reduction is more likely to be expressed as Equation 5.2.

H2(g) + O′′
i = H2O(g) + 2e′ (5.2)

To correlate electronic conductivity with oxygen partial pressure, Equation 5.2 can be
rewritten to a more general form, as expressed in Equation 5.3.

O′′
i =

1
2

O2(g) + 2e′ (5.3)

Equation 5.3 clearly indicates the electronic conductivity increase as a function of pO−1/4
2

[48, 273].

Canu et al. investigated the conductivity behaviour of LNW16, reporting a similar
conductivity increase under reducing conditions [153]. They attributed the increase to
the above reduction process and proposed an estimated total conductivity change as
a function of oxygen partial pressure, as replotted in Figure 5.4 [153]. To validate this
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TABLE 5.1: Calculated activation energy of LNW16 measured under
different atmospheres. Tc is ∼570 ◦C. Adapted from [250] with permis-
sion under a Creative Commons Attribution-NonCommercial 3.0 Un-

ported Licence.

Atmosphere Humidity Ea (eV) R-squared
Air Dry 1.46 0.99

Wet 1.46 0.99
N2 Dry 1.48 1.00

Wet 1.48 0.99
O2 Dry 1.46 0.99

Wet 1.47 1.00
5% H2 Dry 0.87 (<Tc) 0.99

1.08 (>Tc) 0.99
Wet 1.14 (<Tc) 0.99

1.32 (>Tc) 1.00

TABLE 5.2: Calculated activation energy of LNMo16 measured under
different atmospheres. Adapted from [250] with permission under a
Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Atmosphere Humidity Ea (eV) R-squared
Air Dry 1.50 0.99

Wet 1.50 0.99
N2 Dry 1.47 0.99

Wet 1.48 0.99
O2 Dry 1.47 0.99

Wet 1.49 0.99
5% H2 Dry 0.45 0.99

Wet 0.47 0.99

estimation, the oxygen partial pressure of each EIS measurement must be determined.
For oxygen-rich gases such as air and pure O2, the partial pressure can be determined
easily by their oxygen fraction. However, for oxygen-poor gases such as N2 and 5%
H2, the determination is challenging as minor effects such as measuring chamber gas
leakage and humidity can change the partial pressure significantly. For example, water
molecules might split into hydrogen and oxygen, increasing the oxygen partial pres-
sure, as expressed in Equation 5.4.

H2O(g) = H2(g) +
1
2

O2(g)

pO2 =

(
Kw·pH2O

pH2

)2 (5.4)

Where Kw is the equilibrium constant of this reaction changing with the temperature.
This humidity effect is more significant in hydrogen conditions.
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FIGURE 5.4: Total conductivity of (a) LNW16 and (b) LNMo16 as a func-
tion of oxygen partial pressure. The scatters represent the conductivity
measured in this work. The dashed lines correspond to the typical elec-
tronic enhanced conductivity under reducing conditions proposed by

Canu et al. [153].

In this work, the actual oxygen partial pressures were recorded using a ZrO2 oxygen
sensor and the total conductivity presented in Figure 5.2 and Figure 5.3 were replotted
in Figure 5.4(a) and (b), respectively. It is worth mentioning that only the oxygen par-
tial pressures of the oxygen-poor gases were recorded, while the oxygen partial pres-
sures of air and oxygen were directly estimated from their oxygen fractions. Besides,
for an ideal sealed measuring chamber, the oxygen partial pressure of an oxygen-poor
gas should be increased with the increase of the temperature due to the larger equi-
librium constant. However, the tendency was reversed in this work because flowing
gases were used, and the measuring chamber was connected with the ambient atmo-
sphere. Higher temperatures increased the flow rate, extruding more outer air from
the chamber.

Figure 5.4 suggested that the conductivity behaviour of both LNW16 and LNMo16 de-
viated from the estimation, indicating other conductivity enhancement mechanisms.
This -1/4 power law dependence did not apply to LNMo16 as it assumed that cations
remain stable. However, as has been extensively discussed in Chapter 4, Mo6+ cations
will be reduced under reducing conditions, generating electrons as expressed in Equa-
tion 4.2 and 4.3. The activation energies of ∼0.46 eV also suggested that the conduc-
tivity of LNMo16 under reducing conditions is electronic-dominated, which is in line
with the previous study [139]. Therefore, a complete description of the conductivity
behaviour of LNMo16 as presented in Figure 5.3 can be given.

The reduction of Mo6+ cations increased the electronic conductivity while reducing
the oxygen ionic conductivity as the loss of interstitial oxygen ions. At low tempera-
tures, the electronic mobility is significantly higher than that of the interstitial oxygen
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ions, resulting in a considerable conductivity enhancement. However, at high temper-
atures, the mobility of the interstitial oxygen ions generally became comparable with
electrons, minimising the conductivity difference between reducing and non-reducing
conditions. It is reasonable to expect that electronic conductivity under reducing con-
ditions will eventually fail to fully compensate for the loss of oxygen ionic conductivity,
resulting in a smaller conductivity at a higher temperature, e.g., 900 ◦C, compared to
that under non-reducing conditions. This swap of conductivity has been reported in
LNMo10 [155].

However, the deviation of LNW16 in Figure 5.4 is somewhat surprising as W6+ cations
remain stable under reducing conditions. The conductivity behaviour of LNW16 un-
der reducing conditions presented a humidity dependence and a non-linear temper-
ature dependence. The conductivity under wet 5% H2 is lower than that under dry
5% H2 but still higher than that under non-reducing conditions. The activation ener-
gies under dry 5% H2 were 0.87 eV at low temperatures (<570 ◦C) and 1.08 eV at high
temperatures (>570 ◦C), while the activation energies under wet 5% H2 were 1.14 eV
and 1.32 eV for low and high temperatures, respectively. Similar to LNMo16, the con-
ductivity difference between reducing and non-reducing conditions decreased with
the increase in temperature. The above results strongly indicated a distinct different
conduction mechanism of LNW16 under reducing conditions.

Since the typical -1/4 power law dependence and the electronic conduction raised by
cation reductions was ruled out, the potential conduction contribution from protons
should be considered. One possible proton conducting mechanism can be expressed
as Equation 5.5, similar to Equation 2.13.

H2(g) + 2O′′
i = 2OH′

i + 2e′

H2(g) + 2O×
O = 2OH·

i + 2e′
(5.5)

The evidence of this protonation mechanism has been shown in section 4.3.1 and will
be investigated comprehensively in Chapter 6. Given that the protonation process is
exothermic, possessing a negative enthalpy, it is preferred at low temperatures, low-
ering the activation energy [62]. At higher temperatures, the increase of oxygen ionic
conduction contribution minimised the conductivity difference between reducing and
non-reducing conditions and enlarged the activation energy. Besides, by a rule of
thumb, the activation energy of proton conduction is expected to be 2/3 of the value
for oxygen ionic conduction [274, 275]. The activation energy difference in LNW16
agrees well within this ratio, strengthening the protonation mechanism. What is more,
if the protonation process in LNW16 is surface exchange limited, then the dependence
on humidity could be explained by the surface environment difference between dry
and wet 5% H2 conditions. This surface exchange limiting nature has been reported in
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LNW16 for oxygen incorporation due to the lack of surface electrons, which is likely
also the case in protonation [47].

Another indicator of conducting species is the geometry of the corresponding electrode
responses, more specifically, the interface between the sample and the electrode [219].
The initial stage of the electrode responses in Figure 5.1(a) presented a tail with a slope
of ∼45◦ associating with the diffusion of oxygen species through the electrode. Usu-
ally, electrode polarisation resistance is considerable due to the slow oxygen diffusion
process [219]. Given the relatively faster proton diffusion, its electrode polarisation
resistance is reduced. This suppressed resistance has been reported in Ca-substituted
LaNbO4 under wet air [275]. Because platinum electrodes were used, there was a negli-
gible impedance barrier to charge transfer for electrons. Therefore, electrode responses
should be vastly reduced [219].

Figure 5.5 presents example Nyquist plots of LNW16 and LNMo16 measured at 570 ◦C
under 5% H2 conditions. Both LNW16 measured under dry and wet 5% H2 conditions
possessed a reduced electrode response with an effective capacitance of 8.39×10−5 F
and 4.46×10−6 F, respectively, suggesting their ionic conducting nature. In compari-
son, the diminished electrode response in LNMo16 under dry 5% H2 clearly indicates
that the dominant conducting species are electrons. The subtle electrode response in
LNMo16 under wet 5% H2 combined with a lower resistance appears to suggest pro-
ton conduction via the hydration process. This phenomenon can be reasonable, as the
reduction might create a small amount of oxygen vacancies. However, this resistance
decline might also be due to the smaller temperature difference between the measure-
ments. In general, both LNMo16 measured under dry and wet 5% H2 conditions pos-
sessed a decreased electrode response, suggesting an electronic conducting nature.

FIGURE 5.5: Example Nyquist plots of (a) LNW16 and (b) LNMo16
measured at 570 ◦C under 5% H2 conditions. The inductance parts in

(b) were truncated to −Z′′≈-1 Ω/cm2 for figure readability.

Although the conduction mechanisms under 5% H2 are different between LNW16 and
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LNMo16, the conductivity changes were found to be reversible. The total conductivity
of LNW16 and LNMo16 under 5% H2 can be reduced quickly to the level under non-
reducing conditions after switching the atmospheres from 5% H2 to air and vice versa.
For LNW16, this fast conduction reversibility suggests relatively fast protonation and
deprotonation processes. For LNMo16, this fast conduction reversibility suggests that
the reduction of Mo6+ cations is reversible, which is consistent with the conclusion
drawn in Chapter 4.

5.2 Hebb-Wagner polarisation study

In addition to protonation, Equation 5.5 also implied simultaneously generated elec-
trons, which might lead to an increase in electronic conduction. One might argue that,
though the protonation process occurs, the conductivity enhancement can be from elec-
trons, protons, or both. Therefore, the separation of the conductivity contribution from
each charge carrier, oxygen ions, protons, and electrons, is required to fully under-
stand the conductivity enhancement of both samples under 5% H2 conditions. In this
work, the partial conductivity of electrons, σe, under 5% H2 conditions was determined
using the Hebb-Wagner polarisation method. A dense pellet metal disk was used to
block the ion conduction totally. Therefore, the transport number of electrons can be
extracted using Equation 3.43, where the total conductivity can be estimated from the
above EIS spectra. Given the pure oxygen ion conduction nature of both samples under
non-reducing conditions, the partial conductivity of oxygen ions can also be estimated
from the above EIS spectra. Therefore, the transport number of protons can be deduced
using Equation 5.6.

tp =
σp

σO + σp + σe
= 1 − σO + σe

σtot
(5.6)

One key factor in guaranteeing a valid Hebb-Wagner polarisation measurement is the
airtightness of the ion-blocking electrode side. A subtle air leakage will result in an
incomplete ion-blocking effect, incorrectly increasing the extracted electronic conduc-
tivity. A simple method to check the airtightness is to evaluate the current relaxation
curve under a constant applied voltage [227]. Figure 5.6 presents three example cur-
rent relaxation curves of the Hebb-Wagner polarisation cell measured at different tem-
peratures under dry 5% H2 conditions. The applied voltage was 0.30 V. The steadily
decreased current relaxation curve to a specific value represents the typical relaxation
response, suggesting good airtightness [227].

Figures 5.7 and 5.8 presented the measured electronic conductivity of LNW16 and
LNMo16 in comparison with their corresponding total conductivity estimated from
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FIGURE 5.6: Example current relaxation curves of the Hebb-Wagner po-
larisation cell measured at different temperatures under dry 5% H2 con-

ditions. The applied voltage is 0.30 V.

EIS spectra, respectively. For LNW16, the electronic conductivity at low temperatures
was at the same level as the total conductivity in air conditions, suggesting an in-
creased electronic conduction. However, the increased electronic conductivities were
significantly lower than the total conductivities under dry and wet 5% H2 conditions,
suggesting an enormous protonic conduction contribution. The calculated partial acti-
vation energies of 1.09 eV (R-squared = 0.99) and 1.06 eV (R-squared = 0.99) were more
significant than the values of other LaNbO4 based materials with mixed electronic and
ionic conductivity [67]. These larger values suggested that the samples were still highly
electronic-resistive under 5% H2 conditions, while the electrons were likely generated
from the protonation process. The similar electronic conductivities under dry and wet
5% H2 conditions indicated that the large total conductivity difference was mainly from
the difference in protonic conductivities. One possible explanation is that the surface
coverage of hydroxyl species originating from H2O blocks the absorption sites for the
protonation, which has been reported repeatedly in the studies of hydrogen surface
exchange [276, 277]. However, further validation of this hypothesis requires detailed
surface analysis studies, which is beyond the scope of this work.

In contrast, the significantly enhanced electronic conductivity in LNMo16 under dry
5% H2 conditions with an activation energy of 0.44 eV (R-squared = 0.99) clearly indi-
cated the electronic-dominated conducting nature originating from cation reductions.
Nevertheless, the electronic conductivity was still about half an order lower than the
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FIGURE 5.7: Partial electronic conductivity of LNW16 measured by
Hebb-Wagner polarisation method. The total conductivity of LNW16
under air and 5% H2 conditions estimated from EIS measurements are
replotted as dashed lines for direct comparison. The calculated activa-
tion energies of electrons are 1.09 eV (R-squared = 0.99) and 1.06 eV
(R-squared = 0.99) for LNW16 measured under dry and wet 5% H2 con-

ditions, respectively.

total conductivity, suggesting the presence of proton conductivity in LNMo16. This
protonation-reduction co-effect might be summarised as Equation 5.7.

2H2(g) + Mo·Nb + O′′
i + 2O×

O = Mo×Nb + H2O(g) + 2OH·
O + 3e′ (5.7)

Figures 5.9(a) and 5.10(a) present the extracted transport number of electrons in LNW16
under dry and wet 5% H2 conditions, respectively. For dry conditions, the electronic
conduction contribution increased with increasing temperature, but was less than 2%
throughout the measuring temperature range. Given the excellent structural and redox
stabilities of LNW16, the oxygen ionic conductivity under 5% H2 conditions is likely
to be the same as that under non-reducing conditions. The estimated transport num-
ber of protons was surprisingly high, indicating a protonic-dominated conductivity of
LNW16 under dry 5% H2 conditions. The protonic conduction contribution decreased
with the increase in temperature, which can be due to the fast increase in oxygen ionic
conduction.

Unlike conductivity behaviours under dry 5% H2 conditions, the transport number of
electrons in LNW16 under wet 5% H2 conditions was more significant and reduced
with increasing temperature. Applying the same procedure resulted in a suppressed
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FIGURE 5.8: Partial electronic conductivity of LNMo16 measured by
Hebb-Wagner polarisation method. The total conductivity of LNMo16
under dry air and dry 5% H2 conditions estimated from EIS measure-
ments are replotted as dashed lines for direct comparison. The calcu-

lated activation energy of electrons is 0.44 eV (R-squared = 0.99).

proton conduction contribution of less than 50% at high temperatures, suggesting a
water blocking effect for protonation.

It is worth noting that the assumption of unchanged oxygen ionic conductivity under
5% H2 conditions may lead to an overestimation of the protonic conduction contribu-
tion. The oxygen ionic conductivity could increase due to the relaxation of the trapping
effect induced by proton incorporation. However, validating this hypothesis requires
separating oxygen ionic and protonic conductivity, which would introduce significant
additional challenges in selecting a suitable blocking layer. Further polarisation mea-
surements or alternative electromotive force (EMF) measurements are planned for fu-
ture work.

When it comes to LNMo16, the transport number of electrons was somewhat insensi-
tive to temperatures at about 42%. This value is consistent with the value of about 49%
from the previous study of LNMo20, suggesting the mixed oxygen ionic, protonic and
electronic conducting nature of LNMo16 [139]. Given its poorer structural and redox
stabilities, the estimation of oxygen ionic conductivity from the total conductivity un-
der non-reducing conditions is not viable. However, the upper and lower limits of the
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protonic conduction contribution can be extracted by assuming oxygen ionic conduc-
tivity is negligible and oxygen ionic conductivity is the same as under air, respectively.
The blue area in Figure 5.11 indicates the possible values for the transport number of
protons in LNMo16 under dry 5% H2 conditions. The protonic conduction contribu-
tion remained steady throughout the measuring temperature range at approximately
58%. The potential contribution from oxygen ionic conduction was reasonably minor,
as charge carriers, interstitial oxygen ions, were largely removed from the sample un-
der reducing conditions.

FIGURE 5.9: (a) Extracted transport number of electrons in LNW16 un-
der dry 5% H2 conditions from Hebb-Wagner polarisation method. (b)
Estimated transport number of protons in LNW16 under dry 5% H2
conditions based on the assumption that the oxygen ionic conductivity

under dry 5% H2 conditions is the same as under dry air conditions.
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FIGURE 5.10: (a) Extracted transport number of electrons in LNW16
under wet 5% H2 conditions from Hebb-Wagner polarisation method.
(b) Estimated transport number of protons in LNW16 under wet 5% H2
conditions based on the assumption that the oxygen ionic conductivity

under wet 5% H2 conditions is the same as under wet air conditions.
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FIGURE 5.11: (a) Extracted transport number of electrons in LNMo16
under dry 5% H2 conditions from Hebb-Wagner polarisation method.
(b) Estimated lower and upper limits of transport number of protons in
LNMo16 under dry 5% H2 conditions based on different assumptions.
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5.3 Conclusions

In this chapter, the total conductivities and the transport numbers of LNW16 and
LNMo16 under reducing conditions were successfully estimated by combining EIS
and Hebb-Wagner polarisation measurements. An impressive protonic-dominated
conductivity was confirmed in LNW16 under reducing conditions for the first time,
implying its potential application as a proton-conducting electrolyte. However, the
mixed protonic-electronic conducting nature of LNMo16 under reducing conditions
was found, implying its application as a proton-conducting electrode.

Meanwhile, the above results highlight the potential protonic conduction contribution
via protonation instead of conventional hydration under reducing conditions, which
has been reported in other oxides [69]. This direct protonation from dry hydrogen
atmospheres could explain the abnormal conductivity enhancement in some proton-
conducting oxides, such as BZY and BCY, under wet hydrogen atmospheres compared
to wet air atmospheres, which are often simply assumed to be electronic conduction
[278].

Furthermore, electrochemical studies of both samples uncovered a profound correla-
tion between redox behaviour and electrochemical performance under reducing con-
ditions. Hopefully, the above results can provide helpful guidelines for future selection
strategies in substitutions and materials.
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Chapter 6

Proton incorporation study

This chapter presents the attempts to directly probe proton incorporation and transport
in LNW16H2 and LNMo16H2. In many of the upcoming studies, the proton content
remained undetectable due to the low proton concentration and limited instrumental
availability. However, there are still promising results that provide direct evidence of
proton incorporation in this type of material for the first time.

6.1 Mass change study

Proton incorporation and release will cause the mass change of the samples. Therefore,
it is possible to investigate proton incorporation via in-situ thermogravimetric analy-
sis by switching the atmospheres. Figure 6.1 presents the in-situ TGA results of both
LNW16As and LNMo16As. For LNW16As, similar to the ex-situ TGA results, the mass
change of -0.004 wt% was negligible below the instrumental uncertainty, indicating
an excellent redox stability of LNW16. Unfortunately, however, this change also indi-
cates that there was no noticeable mass increase induced by proton incorporation. The
measurable mass increase in conventional proton-conducting oxides originates from
the incorporation of hydroxyl groups [189, 190]. In LNW16 and LNMo16, hydrogen is
more likely to be incorporated in the form of protons, resulting in undetectable mass
changes below instrumental uncertainty. In addition, the increase in mass from proton
incorporation could be overshadowed by the buoyancy effect and the potential des-
orption of surface oxygen species, as indicated by the ESR results presented in Figure
4.13. One might argue that such a small amount of proton incorporation should not
be able to enhance the conductivity by exceeding two orders of magnitude. However,
studies of 1% Ca-substituted LaNbO4 (La0.99Ca0.01NbO3.995) have shown around an or-
der of magnitude increase in maximum conductivity, while the upper limit hydration
level was only 1% (La0.99Ca0.01NbO4H0.01) [54, 279].

In contrast, the mass loss in LNMo16As of approximately -0.418 wt% was significant



109

FIGURE 6.1: In-situ TGA results of (a) LNW16As and (b) LNMo16As
collected at 800 ◦C. The subtle mass change in (a) fails in the instru-
mental uncertainty and is likely due to the difference in buoyancy effect

between different atmospheres.

due to the reduction, making the estimation of the proton content not viable. How-
ever, this result is an excellent supplement to the previous results. Assuming that the
valence state of the Mo cations in LNMo16As was +6 and the mass change induced
by proton incorporation is negligible, LNMo16As was reduced to ∼+5.025 after more
than 20 hours of hydrogen treatment at 800 ◦C. Given that the mass continued to de-
crease, it is reasonable to predict that the valence state might eventually reduce to fully
+5 with an extended treatment period. After switching back to air, the mass increased
dramatically to roughly the same mass as before hydrogen treatment in 30 minutes,
suggesting that the reduction is fully reversible, which is in line with the XRD results
presented in Figure 4.7. The steep decrease and increase when switching the gases fur-
ther suggest a swift redox reaction process of LNMo16, highlighting its potential to be
developed as a high-temperature gas sensor.
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6.2 Band structure study

After hydrogen treatments, the colour of both samples changed from green to black.
This colouration effect suggested a change in the band structure, usually reducing the
band gap and becoming electronically conductive. [280, 281]. On the one hand, this
colouration effect and its corresponding band gap reduction are commonly seen in
reduced metal oxides, such as reduced MoO3 [251, 282]. On the other hand, a similar
colouration effect has been reported in many oxides after reacting to the corresponding
oxyhydrides [162, 232]. In addition, it has been widely studied in the semiconductor
area that subtle hydrogen incorporation can strongly modify the band structure [57,
58, 283]. Therefore, the change in the band structure can be an informative indicator of
the reduction and/or proton incorporation.

FIGURE 6.2: Direct (allowed) band gap Tauc plots of (a) LNW16 and
(c) LNMo16; XPS-VBM spectra of (b) LNW16 and (d) LNMo16. The
dashed lines indicate the values of extrapolated band gaps or VBM. The

red dashed circle in (d) highlights the pre-edge feature of LNMo16.

Figures 6.2(a) and (c) present band gap Tauc plots calculated from UV-vis-DRS re-
flectance spectra by applying Equations 3.25, 3.26 and 3.27. Notice that the value of
1/γ is 2 in Figure 6.2, suggesting a direct (allowed) band gap nature. Strictly speaking,
the nature of the band gap, direct or indirect, should be pre-determined by DFT calcu-
lations, which can be challenging. However, many comprehensive studies on the band



111

gap of rare-earth niobates, including pristine and substituted LaNbO4, have reported
a negligible energy difference between direct and indirect band gaps [197, 284–287].
Therefore, the band gap nature in LNW16 and LNMo16 was assumed to be a direct
band gap.

The more tilted Urbach tail and the rise of the pre-edge in both samples after hydro-
gen treatments indicate an increased defect concentration [197, 205]. Considering the
unchanged nature of LNW16, the increased defects can only be attributed to protons,
resulting in a subtle change in Figure 6.2(a). In contrast, the more pronounced change
in Figure 6.2(c) is clearly demonstrated in LNMo16 mainly due to the reduction with a
potential effect of proton incorporation.

The band gap of LNW16As and LNMo16As can be extrapolated directly from the
Tauc method, as the Urbach tail feature in both samples is marginal. However, when
it comes to LNW16H2, the enormous Urbach tail pre-edge will lead to an inaccu-
rate estimation [288]. Therefore, the widely recognised baseline method proposed by
Makuła et al. was used to extract a more accurate band gap from LNW16H2 [288]. For
LNMo16H2, due to the limited measurement range, the baseline position is unrecog-
nisable, resulting in an unclear band gap value. However, the range of band gap values
can still be estimated since the baseline is located between the Urbach tail pre-edge and
the flat line.

The extrapolated band gap of LNW16As and LNMo16As was 3.5 eV and 2.9 eV, re-
spectively. These large band gaps highlighted their electronically insulating nature as
a pure ionic conductor in non-reducing atmospheres. After hydrogen treatments, the
band gap of LNW16H2 reduced slightly to 3.2 eV with an Urbach tail pre-edge, indi-
cating the presence of intermediate bands (IBs) introduced by proton incorporation.
In comparison, LNMo16H2 reduced significantly to the range of 1.4 to 2.0 eV with
an outstanding Urbach tail pre-edge, indicating the existence of distinct intermediate
bands mainly due to the reduction. The colouration effect is highly likely to be due to
the presence of these IBs. In addition, these band gap reductions were consistent with
the above redox and electrochemical studies: LNW16 is stable and electronically in-
sulated, while LNMo16 will be reduced and becomes electronically conductive under
hydrogen atmospheres.

Figures 6.2(b) and (d) present the XPS-valence band maximum (VBM) spectra of both
samples. The VBM energy position of LNW16 remained stable before and after hydro-
gen treatments at 2.8 eV. In contrast, the VBM of LNMo16 increased slightly from 2.8 to
2.9 eV after hydrogen treatments. Given that the dominant O 2p orbitals comprise the
VBM, this change indicated the loss of oxygen due to reduction, which altered the VBM
[197]. More interestingly, a pre-edge can be found in the VBM spectrum of LNMo16H2
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FIGURE 6.3: Schematic diagrams of estimated band structures of (a)
LNW16 and (b) LNMo16. The inserts on top are the visual appearances

of the pellet samples.

raised before binding energy at 0 eV, which is the Fermi level. A similar but more sub-
tle feature can also be found in LNMo16As, probably due to the reduction of Mo6+

during XPS measurements. Nevertheless, this largely increased pre-edge feature high-
lighted the metallic nature of LNMo16H2. Similar counter-intuitive electron emission
above the Fermi level has been attributed to the reduction of Mo6+ in reduced MoO3,
shifting the Fermi level into the conduction band [251, 289].

The above studies are instructive, and the estimated band structure of both samples can
be depicted accordingly in Figure 6.3. The slightly narrowed band gap in LNW16H2,
together with the Fermi level closer to the conduction band minimum (CBM), sug-
gested that protons act as shallow donors, giving rise to intermediate bands within the
band gap [251, 290, 291]. In contrast, the significantly reduced band gap of LNMo16H2
was due to reduction and, potentially, proton incorporation. In particular, the high de-
gree of reduction created pronounced IBs mainly comprised by Mo 4d orbitals, which
shifted the Fermi level into the conduction band, resulting in the metallic nature of
LNMo16H2 [251, 289]. It should be emphasised that the band structures presented
in Figure 6.3 are largely simplified and were adapted from the well-determined band
structures of WO3 and MoO3 [251, 289]. The actual band structures in LNW16 and
LNMo16 might be different.
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6.3 Neutron study

Figure 6.4 presents NPD data of both samples recorded at RT. The rise in the back-
ground intensity clearly indicated the proton incorporation in both samples. The al-
most identical diffraction patterns shown in Figure 6.4(a) with the exception of the dif-
ference in the background contribution suggested excellent stability of LNW16, which
is consistent with the XRD results in Section 4.2. In contrast, the diffraction pattern
in Figure 6.4(b) shows a peak splitting after hydrogen treatments, indicating a reduc-
tion in LNMo16, as observed with the XRD results in Section 4.2. The slightly higher
increase in background intensity in LNMo16 compared to LNW16 suggests a higher
proton incorporation level in LNMo16. However, a quantitative determination of the
proton content using NPD results is not feasible. Furthermore, since VESUVIO is not
optimised for NPD measurements, the limited experimental resolution does not allow
meaningful refinement.

FIGURE 6.4: NPD data of (a) LNW16 and (b) LNMo16 collected on
VESUVIO spectrometer at RT.

Figures 6.5 and 6.6 present the backward and forward neutron Compton scattering
spectra of LNW16 and LNMo16, respectively. In contrast to NPD results, the forward
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NCS spectra of both samples did not present the recoil peak of the proton. However,
the relatively poor detection limit for the proton of 1.92 µmol makes this unnotice-
able proton content still reasonable [238, 245]. Taking into account the mass of ∼30 g
used in the measurements for each sample, the proton concentration should be larger
than ∼0.02, i.e., LaNb0.84W0.16O4.08H0.02 and LaNb0.84Mo0.16O4.03H0.02 to beyond the
detection limit. In addition, in practice, the recoil peak of the proton is broader than
the peaks of other elements because of the relatively fast kinetics of the proton. This
broader peak might be immersed in the background noise, therefore requiring the pro-
ton content to be much higher than the detection limit for a clear peak resolution. In
contrast, the detection limit of NPD depends on specific instruments, but is usually
much better than NCS, which might explain the inconsistency between NPD and NCS
data [292].

FIGURE 6.5: Backward and forward NCS spectra of the reduced (raw),
the total fit and the elementary fitted spectra in (a) & (c) LNW16As and
(b) & (d) LNW16H2 collected on VESUVIO spectrometer at RT. The
peaks highlighted by red-shaded rectangular areas originate from the
neutron-gamma resonances of tungsten and are excluded from the fit-

tings [240].

It is worth mentioning that the recoil peaks on the forward scattering spectra presented
a non-Gaussian-like shape. The spectra presented in Figures 6.5 and 6.6 were con-
volved from multiple detectors. Therefore, the slight angle misalignment of each de-
tector will be propagated, resulting in the peak shape distortion. This distortion did
not affect the single-dimensional Gaussian fitting process since the recoil peaks in each
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spectrum from an individual detector for fittings presented a Gaussian shape. Given
the configuration difference between forward and backward scattering detectors, this
distortion is suppressed in backward scattering spectra. In addition, neutron-gamma
resonances are more popular in the forward scattering angle region for heavier ele-
ments. Therefore, this resonance was not presented in the NCS spectra of LNMo16.

TABLE 6.1: NMD widths, σM, together with their standard deviation
of LNW16 extracted from NCS backward scattering fittings. The force
constants, kM, were deduced from the NMD widths using Equation 6.1.
The standard deviation of kM is estimated using the Monte Carlo error
propagation. The NMD width of Al was pre-determined and removed

from the table.

LNW16As σM (Å−1) kM (eV·Å−2) LNW16H2 σM (Å−1) kM (eV·Å−2)
La 38.63±2.62 16.37±5.22 La 38.29±2.81 15.70±5.55
Nb 30.53±3.04 9.24±4.71 Nb 38.35±3.85 23.17±7.65
W 34.55±1.09 1.47±1.46 W 34.46±1.04 1.31±1.36
O 12.57±1.63 1.53±1.01 O 11.83±1.65 1.06±0.89

Despite the failure to directly probe proton content using NCS, the extracted NMD
widths still provided meaningful and unique kinetic information. Tables 6.1 and 6.2
summarised the fitted NMD widths of LNW16 and LNMo16, respectively. Employ-
ing the mean force function, which assumes the average force acting on an atom while
keeping other atoms in the system fixed, one can deduce the effective force constant
from the NMD width, as presented in Equation 6.1 [293, 294].

kM = | (kBT)2M
h̄2 − kBT·σ2

M| (6.1)

Where kM and σM are the effective force constant and the NMD width, respectively.
M, kB, and h̄ are the mass of a given nucleus, the Boltzmann constant, and the re-
duced Planck constant, respectively. Importantly, this equation is not valid in the low-
temperature limit, i.e., T → 0 K, but has been applied well to describe the mean force
at 100 K and 300 K [293, 294].

For LNW16, this effective force constant change suggested that protons prefer to be
incorporated with oxygen ions that are around Nb cations. This proton-induced effec-
tive force constant has been reported in another NCS study, where the effective force
constant increases with the increased trapping rate of protons around Nb [241]. In
addition, the study on acceptor-substituted LaNbO4 materials has proposed preferred
hydration on Nb2O7 units, suggesting that similar polyhedra, Nb2O9 units, in LNW16
could be the key to achieving proton incorporation [67]. For LNMo16, a similar change
could be due to the same protonation effect. However, the simultaneous reduction
makes the contribution of protonation inseparable.
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FIGURE 6.6: Backward and forward NCS spectra of the reduced (raw),
the total fit and the elementary fitted spectra in (a) & (c) LNMo16As and

(b) & (d) LNMo16H2 collected on VESUVIO spectrometer at RT.

Both materials show an effective force constant reduction in oxygen anions after hy-
drogen treatments. For LNW16, this subtle reduction could also be due to proton in-
corporation, which probably relaxes the trapping effect among the M-O framework.
Interestingly, this relaxation could lead to an enhancement in oxygen ionic conduc-
tion under hydrogen conditions, suggesting a potential overestimation of the proton
transport number measured under 5% H2 conditions in section 5.2. More detailed re-
search is required to clarify this hypothesis in the future. In contrast, for LNMo16, the
relatively larger effective force constant reduction is clearly due to the tetrahedral to
octahedral transformation. However, similar to the case for Nb cations, the potential
contribution of protonation is inseparable.

The relatively large standard deviation of the effective force constants in W and Mo
is due to the limited beam time and the multiple isotope nature of these elements.
Ideally, each isotope of W and Mo should be treated as an individual recoil peak, but
this treatment will significantly increase the fitting complicity and, therefore, was not
feasible. To avoid misinterpretation, the changes in the effective force constant in W
and Mo were excluded from the discussion.

In summary, although NCS did not provide solid evidence of proton incorporation, it
offered unique results of the effective force constant, which can be determined by far
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TABLE 6.2: NMD widths, σM, together with their standard deviation
of LNMo16 extracted from NCS backward scattering fittings. The force
constants, kM, were deduced from the NMD widths using Equation 6.1.
The standard deviation of kM is estimated using the Monte Carlo error
propagation. The NMD width of Al was pre-determined and removed

from the table.

LNMo16As σM (Å−1) kM (eV·Å−2) LNMo16H2 σM (Å−1) kM (eV·Å−2)
La 38.86±2.19 16.83±4.40 La 38.45±2.68 16.07±5.34
Nb 31.12±4.03 10.18±6.29 Nb 38.68±3.49 23.83±7.00
Mo 26.07±2.09 2.23±2.20 Mo 25.53±1.71 1.51±1.67
O 13.92±1.96 2.45±1.39 O 11.59±1.47 0.92±0.77

only experimentally using NCS. A more realistic MD simulation model can be config-
ured based on these values to describe the dynamics of LNW16 and LNMo16 in the
future.

6.4 Mass spectrometry study

To obtain a reliable and valid diffusion profile, a sample with a density exceeding 95%
of the theoretical density is required [215]. At this density level, the sample can effec-
tively be considered pore-free, as the open porosity is negligible [215, 295]. Therefore,
LNW16 (relative density of 95.6%) is valid for the exchange and diffusion analysis,
while, unfortunately, the low density (relative density of 93.0%) and relatively poor
surface roughness invalidate LNMo16 for this analysis. Meanwhile, given the low level
of proton incorporation suggested by the above results, the samples were deuterium
treated at 800 ◦C for 6 hours under 50 mbar of D2 gas and denoted as LNW16D2-6h.
The same treatment processes were performed under atmospheres 5% H2 for direct
comparison, and the samples were denoted as LNW16H2-6h. Furthermore, given the
expected poor surface exchange capacity of LNW16, two samples were brush coated
with Pt and denoted as LNW16H2-6h-Pt and LNW16D2-6h-Pt, respectively [47, 217].
After hydrogen/deuterium treatments, the Pt coating layer exhibited poor adhesion
and could be easily peeled off by wiping.

Figure 6.7 presents a depth profile to determine the correlation between sputtering
time and depth. To sputter a detectable crater (≥3 µm), a long depth profiling for more
than 4000 s is required. Therefore, only LNW16As was used for long depth profiling
measurements, and the sputtering time-depth correlations of other samples were es-
timated by assuming that the hardness of the samples remained the same. The long
depth profiling measurements also suggested a homogeneous composition with a thin
surface layer. This homogeneity allowed for a reduced depth profile time, since the
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FIGURE 6.7: (a) Depth profile for determining the correlation between
sputtering time-depth in LNW16As. The spikes are due to the unstable
beam current. (b) The crater depth was measured by coherence scan-

ning interferometry from the slice indicated by the red arrow.

fractional composition at a depth greater than 0.025 µm is representative of the com-
position deeper in bulk.

In contrast to the steady ion count of O− and cation species, the ion count of H−

showed a steady decrease. This H− signal is common in depth profiling measure-
ment, since hydrogen is a widely spread impurity that is almost impossible to remove
from the sample and the measurement chamber. This high ion count of H− also high-
lighted the unreliability of investigating hydrogen-related properties using SIMS and
highlighted the demand for isotopic exchange.

Figure 6.8 presents the depth profile of each sample. A significantly increased ion count
of D− can be observed for both deuterium-treated samples, strongly suggesting proton
(deuterium) incorporation. The slightly tilted profile shape of D− in both deuterium-
treated samples indicated their surface exchange limited diffusion nature [47, 217].
However, unfortunately, the diffusion coefficient cannot be estimated from these depth
profiles.

The isotopic fractions of hydrogen in each sample are summarised in Table 6.3. The iso-
topic fraction of D− in both deuterium-treated samples was more than ten times larger
than the natural abundance of deuterium. Meanwhile, LNW16D2-6h-Pt possessed
more than a doubled D− fraction than LNW16D2-6h. This significantly enhanced in-
corporation highlighted the surface exchange limited diffusion nature of LNW16. For
pristine and hydrogen-treated samples, the isotopic fractions of D− were all below the
natural abundance of deuterium, validating these results.

Given the high isotopic fraction of D− in both deuterium-treated samples, the sam-
ples were cross-sectioned and polished for further SIMS measurements using the line
scan method. Figure 6.9 presents the 2D ion images of cross-sectional samples and
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FIGURE 6.8: Depth profile of LNW16 samples. The spikes are due to the
unstable beam current, which also causes the large fluctuation signals
in LNW16D2-6h-Pt, especially for O−. The large fluctuation of D− is

due to its relatively low ion counts.

their corresponding normalized diffusion profiles. Note that the isotopic fraction of
both samples near the surface is much lower than the fraction obtained from the depth
profile measurements. This difference is due to subtle surface damage during line scan
preparations, the difficulty in determining the precise position of the exchange surface,
and the resolution difference between depth profile and line scan methods. However,
the isotopic fraction of LNW16D2-6h-Pt and LNW16D2-6h is higher than the natural
abundance, indicating that the deuterium actually diffused into the bulk.

The smaller isotopic fraction near the surface in LNW16D2-6h presented in Figure
6.9(d) could be due to the geometric effect on the edge, since the height of two sample
pieces was slightly misaligned. This misalignment will scatter part of the secondary
ions away from the detector. Other potential reasons could be the release of protons
from the surface during post-processes after deuterium treatments or surface segre-
gation when the surface is exposed directly to reducing conditions. However, more
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TABLE 6.3: Normalized isotopic fractions of hydrogen in each sample.
The natural abundance of deuterium is 0.00015. The large error values

are due to the low signal counts.

D−/(H− + D−)
LNW16As 0.00014±0.00038

LNW16H2-6h 0.00011±0.00036
LNW16H2-6h-Pt 0.00013±0.00034

LNW16D2-6h 0.00195±0.00088
LNW16D2-6h-Pt 0.00386±0.00221

surface characterisations are needed in the future. In contrast, a clear diffusion profile
can be observed in LNW16D2-6h-Pt compared to LNW16D2-6h, indicating the surface
exchange limited nature of LNW16. Therefore, a reasonable diffusion profile fitting in
LNW16D2-6h-Pt can be obtained applying Equation 3.30, as presented in Figure 6.10.
It should be mentioned that since Pt was coated on the surface, the surface exchange
coefficient, k, is altered and does not represent the surface exchange ability of the sam-
ple. Meanwhile, the isotopic background in LNW16D2-6h-Pt should be negligible, as
the hydrogen content in the sample is negligible prior to deuterium treatment. How-
ever, since the ubiquitous hydrogen impurity in SIMS, Cbg can be set to the natural
abundance (0.00015) to reflect the instrumental isotopic background. Furthermore, the
actual Cbg was found to be slightly higher than the natural abundance, suggesting a
saturated incorporation of deuterium under this treatment condition. Therefore, the
actual Cbg was set to where D−/(H− + D−) ratio reaches plateau. Although the above
experimental limitations could compromise the credibility of the extracted tracer dif-
fusion coefficient, this result is still valuable as this is the first direct evidence to prove
the proton (deuterium) incorporation in LNW16.

The tracer diffusion coefficient of ∼4.0×10−9 cm2/s at 800 ◦C is found to be about
three orders of magnitude lower than conventional proton-conducting oxides, such
as BaZr0.1Ce0.7Y0.1Yb0.1O3−δ (∼1.8×10−6 cm2/s) [296, 297], but similar to the oxy-
gen ion conducting counterparts, such as GdBaCo2O5+δ (∼2.5×10−9 cm2/s) [298] and
LaNb0.88W0.12O4.06 (∼5.0×10−9 cm2/s) [161]. Therefore, such a diffusion coefficient
value indicates a different proton transport mechanism in LNW16 from the conven-
tional proton-conducting oxides. A similar level of proton and oxygen diffusion co-
efficients of W-substituted LaNbO4 appears to suggest proton transport in the vehicle
mechanism, at least in the high temperature ranges. However, the vehicle mechanism
fails to explain the conductivity behaviour of LNW16 in low-temperature ranges. More
comprehensive experiments are needed to uncover the proton transport mechanism in
this type of material.
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FIGURE 6.9: 2D ion images of D−/(H− + D−) in cross-sectional
(a) LNW16D2-6h-Pt and (b) LNW16D2-6h, respectively. The corre-
sponding normalized diffusion profiles of (c) LNW16D2-6h-Pt and (d)
LNW16D2-6h, respectively. The red dashed line in (a) and (b) indicates
the exchanged surface position before the cross-section. The brightness

of (a) and (b) was increased by 50% for figure readability.

FIGURE 6.10: Fitted diffusion profile of LNW16D2-6h-Pt. The green
dashed line indicates C(x) = Cbg.
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6.5 Conclusions

In this chapter, proton incorporation was investigated using multiple techniques, pro-
viding abundant indirect or direct information to help understand the incorporation.
The first direct proof of proton incorporation in LNW16 under hydrogen atmospheres
was presented using NPD and isotopic exchange depth profiling/line scan techniques.
It was admitted that many studies in this chapter were not sufficient due to the lim-
ited instrumental accessibility and the difficulty of probing protons. These results were
instructive for future optimised research.
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Chapter 7

Conclusions and future work

In this work, 16 at% W- and Mo- substituted LaNbO4 materials have been successfully
synthesised as starting materials via the solid-state reaction route. The redox stabil-
ity and ionic conductivity of these materials in hydrogen environments have been in-
vestigated, demonstrating a strong correlation. Moreover, proton incorporation and
conduction in these materials have been first characterised.

7.1 Conclusions

7.1.1 W-substituted LaNbO4

Pristine 16 at% W-substituted LaNbO4 possesses a monoclinic structure that closely
resembles the high-temperature tetragonal phase. The phase remains stable from RT
to high temperatures. A (3+2)D-incommensurately modulated structure was observed
in this material. The oxidation state of the B-site dopant was found to be pure +6,
giving a nominal composition of LaNb0.84W0.16O4.08. EXAFS studies suggested that
interstitial oxygen ions tend to be located near Nb cations, forming Nb2O9 polyhedra.
Pure oxygen ionic conduction was determined under non-reducing atmospheres with
an activation energy of ∼1.5 eV.

LNW16 shows excellent redox stability in hydrogen environments. The crystal struc-
ture, composition, oxidation state of the cations, and oxygen stoichiometry remain sta-
ble. However, the total conductivity increases significantly in hydrogen environments.
The partial electronic conduction raised from the reduction cannot explain this en-
hancement in conductivity. With evidence of proton incorporation from XPS, a novel
proton conduction mechanism was proposed.

Many techniques have been used in attempts to probe the hydrogen content directly.
The proton diffusion profile was observed, proving proton transport in this type of
material for the first time. The proton diffusion coefficient is 4.2×10−9 cm2/s at 800 ◦C
comparable with the oxygen ionic diffusion coefficient, probably suggesting a vehicle
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transport mechanism. In addition, the proton incorporation was found to significantly
affect the band structure and kinetics of the atoms.

7.1.2 Mo-substituted LaNbO4

Pristine 16 at% Mo-substituted LaNbO4 possesses a monoclinic crystal structure. The
phase transition to the tetragonal structure occurs at above 200 ◦C. The presence of a
(3+1)D-incommensurately modulated structure was confirmed in this material. The
oxidation state of the B-site dopant was found to be pure +6, giving a nominal compo-
sition of LaNb0.84Mo0.16O4.08. B-site cations possess a disordered tetrahedral environ-
ment. Pure oxygen ionic conduction was determined under non-reducing atmospheres
with an activation energy of ∼1.5 eV. The conductivity is about five times higher than
its W-substituted counterpart, indicating the relaxed trap effect in LNMo16.

The Mo6+ cations were found to be reduced to a minimum of Mo5+ in hydrogen en-
vironments. This reduction causes a phase transition to the analogue of pure LaNbO4

and a loss of interstitial oxygen ions. The coordination of Nb and Mo cations changes
from tetrahedral to octahedral on reduction. The increase in electronic conduction due
to reduction converts LNMo16 from a pure ionic conductor to a mixed ionic and elec-
tronic conductor. The profound change in the band structure results in the metallic na-
ture of the material. The transport number studies of LNMo16H2 further imply poten-
tial protonic conduction in conduction enhancement under hydrogen environments.
The reduction and corresponding conductivity change were found to be quickly and
fully reversible, suggesting its potential to be developed as a high-temperature sensor.

7.1.3 Overall conclusions

The novel proton incorporation and transport mechanism reported in this work sug-
gests that potential proton-conducting electrolyte candidates extend far beyond con-
ventional vacancy-dominated perovskite oxides. This discovery could shift research
focus from a limited class of traditional oxides to a broader range of new materials.
Additionally, proton incorporation from dry hydrogen atmospheres relaxes the rigor-
ous humidity requirements for SOFCs and SOECs, reducing the complexity of the cell
systems. By further elucidating this mechanism, a new selection strategy can be devel-
oped to identify materials that meet all the criteria for proton-conducting electrolytes
at intermediate operating temperatures.
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7.2 Future work

7.2.1 Proton transport

Although proton incorporation and transport in LNW16 have been discovered, the op-
timal hydrogen treatment that could maximise hydrogen content and corresponding
effects has not yet been determined. The proton diffusion coefficient at lower temper-
atures remains unknown. Therefore, the next step is to optimise the treatment condi-
tions and perform deuterium exchanges and SIMS measurements at different temper-
atures covering the EIS measuring temperature range.

The sintering condition was optimised for LNW16 and kept the same for LNMo16 to
ensure direct comparison. However, this condition results in a relatively low density
and a high porosity of LNMo16, which prevents it from being studied using SIMS. In
the future, an optimisation of the preparation for LNMo16 is planned to obtain dense
material for similar isotopic exchange SIMS measurements as LNW16.

Exploring the proton incorporation process on the surface is another future focus. One
of the unsolved questions of the current work is why the conduction of LNW16 under
a wet hydrogen environment is largely suppressed compared to that under a dry hy-
drogen environment. The surface exchange-limited nature of LNW16 implies that this
suppression is due to the presence of water molecules on the surface. However, the
proof of this claim is missing, and more surface studies are needed.

Other techniques that can directly probe protons, such as QENS and atom probe to-
mography (APT), were not used in the current work due to the challenges in their
availability. However, with the current evidence of proton incorporation and trans-
port, the likelihood of accessing these instruments is expected.

7.2.2 More electrochemical studies

Current electrochemical tests failed to separate the conduction contribution from the
bulk and grain boundary. Therefore, the next step is to expand the measuring fre-
quency, attempting to make these contributions separable. This separation is crucial in
determining the preferred proton transport pathway through the bulk or grain bound-
ary.

Meanwhile, current polarisation work only separated the electronic and ionic conduc-
tions. The protonic conductivity under hydrogen environments was estimated by as-
suming that the oxygen ionic conductivity remains the same as under non-reducing
conditions. However, this assumption could lead to an overestimation of protonic
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conduction since the potential trapping effect relaxation cannot be ruled out. This re-
laxation might enhance oxygen ionic conduction. Therefore, the next step is to perform
more polarisation or, alternatively, electromotive force measurements, which allow the
separation of all charge carriers (electrons, oxygen ions, and protons). Hydrogen per-
meation is another alternative measurement that provides a direct quantitative result
of protonic conduction.

7.2.3 Material modelling & simulation

With the relatively abundant experimental studies currently available, modelling and
simulations are what one should expect in the future. Some DFT simulations have been
performed with promising initial results. However, these results still require further
validations and optimisations and thus are not given in this work.

Computational studies could help explain the distinct behaviour difference between
W and Mo dopants in hydrogen environments from an atomic scale. For example, the
formation energy difference between reduction and proton incorporation is suspected
to be the reason for the behaviour difference. DFT studies could identify potential
transport pathways and local transport barriers.

As understanding of these materials from experiments and DFT simulations builds up,
large-scale MD modelling will become feasible. Especially with unique interatomic
force constants obtained from NCS measurements, more realistic modelling could as-
sist in explaining the experimentally discovered phenomenon from atomic perspec-
tives.
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Appendix A

Publication record

Chapters 4 and 5 contain information from:

[250] K. Huang, Y. Han, M. A. Isaacs, S. J. Skinner. Exploring the stability and pro-
tonic conductivity in W- and Mo-substituted LaNbO4 under a reducing atmosphere.
Journal of Materials Chemistry A 13.6 (Feb. 2025), pp. 4214-4224. ISSN: 2050-7496. DOI:
10.1039/D4TA05501B.
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Appendix B

Copyright statement

All reproduced figures and tables covered by open access licences that do not require
specific copyright permissions are listed below.

Figure 1.1 Classification of hydrogen production routes by specific colours. Re-
produced from [8] with permission under a Creative Commons Attribution-
NonCommercial 3.0 Unported Licence.

Figure 2.7 The total conductivity of nano-YSZ with different grain sizes measured un-
der wet air (∼2.5% RH). Reproduced from [60, 98] with permission under a Creative
Commons CC BY Licence.

Figure 2.11(b) Phase diagrams of (a) LNW and (b) LNMo. Both phases were evaluated
via the in-situ X-ray powder diffraction (XRD) technique. Two temperature points
extrapolated from dilatometry analysis are marked as "×" on the phase diagram of
LNW. Reproduced from [151] with permission from American Chemical Society, and
from [152] with permission under a Creative Commons Attribution-NonCommercial
3.0 Unported Licence.

Figure 2.12 Schematic diagrams of (a) an ideal crystal lattice, (b) the (3+1)D-commensu-
rately modulated structure along a axis, (c) the (3+1)D-incommensurately modulated
structure along a axis, and their corresponding reciprocal lattice point patterns, respec-
tively. Adapted from [47, 155] with permission from Imperial College London.

Figure 3.6 (a) The absorption process of an isolated atom. No EXAFS is raised. (b) The
photoelectron is scattered by the electrons of the neighbouring atom, which interferes
with the photoelectron at the absorbing atom, causing EXAFS. The photoelectron trav-
els as a wave. Reproduced from [185] with permission under a Creative Commons
Attribution-ShareAlike 3.0 Licence.

Table 2.2 The activation energy of LNW with a series of substitution levels (1%, 8%,
12% and 16%). The activation energy reduces at around 600 ◦C. Reproduced from [47]
with permission from Imperial College London.
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The copyright permissions for all reproduced figures and tables in this thesis are pro-
vided below.

Figure 1.2 Schematic diagram of the working principle in a SOFC based on (a) oxide
ion-conducting electrolyte and (b) proton-conducting electrolyte. Reproduced from
[49] with permission from Royal Society of Chemistry.



150

Figure 2.1 Helmholtz energy of proton transport of BaCeO3 as a function of the O-O
distance and the O-H· · ·O bond length. Reproduced from [74] with permission from
Elsevier.
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Figure 2.2 Proton migration pathways and their energy barriers in (a) Y-Zr-Y config-
uration and (b) Y-Zr-Zr configuration. Reproduced from [86] with permission from
Springer Nature.
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Figure 2.3 (a) Polycrystalline perovskite morphology, (b) enlarged grain boundary
area, and (c) detailed schematic diagram. Reproduced from [94] with permission from
American Chemical Society.
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Figure 2.4 The proton-conducting mechanism in the ABO3 perovskite structure. Re-
produced from [48] with permission from Royal Society of Chemistry.

Figure 2.10 Linear thermal expansion of pristine LaNbO4 and its corresponding mono-
clinic and tetragonal phase structures. Red and green balls and blue polyhedra denote
O2−, La3+ and NbO4 tetrahedra, respectively. Reproduced from [48, 49, 135] with per-
mission from Royal Society of Chemistry.
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Figure 2.6 Comparison of ionic conductivity of a series of solid oxide electrolytes. The
solid line shows the protonic conductivity of the proton-conducting oxides, while the
dashed line indicates the oxygen ionic conductivity of the comparative oxides. The ar-
row shows the optimising direction of solid oxide electrolytes, i.e., higher ionic conduc-
tivity at lower working temperatures. Reproduced from [123] with permission from
Springer Nature.
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Figure 2.8 Distorted NbO6 octahedra (left) possesses four short Nb-O bonds similar to
NbO4 tetrahedra (middle) and two long Nb-O bonds, forming a corner-sharing con-
figuration along c axis. Grey and green balls and dark green polyhedra denote O2−,
La3+ and NbO4/NbO6 polyhedra, respectively. Reproduced from [131] with permis-
sion from Elsevier.
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Figure 2.9 Proton transport paths 1-4 in (a) t-LaNbO4 and 1’-5’ in (b) m-LaNbO4 (0
K). The green balls and green polyhedra denote La3+ cations and NbO4 tetrahedra,
respectively, while the black, white and grey balls denote the stable proton sites in both
phases. The layer distance ratio between O1 and O2 in m-LaNbO4 is 3:2. Reproduced
from [133] with permission from Royal Society of Chemistry.
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Figure 2.11(a) Phase diagrams of (a) LNW and (b) LNMo. Both phases were evalu-
ated via the in-situ X-ray powder diffraction (XRD) technique. Two temperature points
extrapolated from dilatometry analysis are marked as "×" on the phase diagram of
LNW. Reproduced from [151] with permission from American Chemical Society, and
from [152] with permission under a Creative Commons Attribution-NonCommercial
3.0 Unported Licence.
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Figure 2.13 (a) XRD pattern of pristine LaNbO4 and LNW08. The insert shows the satel-
lite peaks marked as "asterisk" (*) from the modulated structure. (b) SAED pattern of
LNW08 from [010] zone axis. The satellite reflections from the modulated structure are
clearly observed. The estimated additional lattice vectors are q1 = 0.263a∗ + 0.106c∗

and q2 = 0.082a∗ + 0.243c∗. Reproduced from [138] with permission from Elsevier.
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Figure 2.14 Total conductivity of LNW with a series of substitution levels (1%, 8%, 12%
and 16%) under the ambient condition. The separate solid lines in LNW08 represent
the activation energy difference between unmodulated and modulated scheelite struc-
tures, while such difference is diminished in LNW16. Reproduced from [161] with
permission from Royal Society of Chemistry.
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Figure 2.16 Two short interstitial oxygen ion transport paths via interstitial mechanism
along the ab plane, 1 and 3, and one long interstitial oxygen ion transport path via
interstitialcy mechanism along the c axis, 4. The yellow and black balls represent the
stable interstitial oxygen sites, while the blue balls represent the transition interstitial
oxygen sites. For simplicity, the interstitialcy path 4 is represented by the blue lines.
Path 2 is excluded due to its unfavourable energy barrier. Reproduced from [164] with
permission from Royal Society of Chemistry.
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Figure 3.8 (a) Typical Tauc plot of an oxide; (b) Density of states N(E) as a function of
energy. Adapted from [204, 205] with permission from John Wiley and Sons.
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Figure 3.12 Schematic diagram of the bricklayer model. The notation "gb" is short for
grain boundary. Adapted from [219] with permission from John Wiley and Sons.

Table 3.2 Capacitance value ranges and their possible corresponding response.
Adapted from [219] with permission from John Wiley and Sons.
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Figure 3.14 Schematic comparison of the relative total cross sections of various ele-
ments for X-rays and neutrons. Reproduced from [230] with permission from Elsevier.
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Figure 3.16 Schematic diagram of VESUVIO spectrometer. The foil changers are placed
in between the sample and sensors to fix the value of the final energy of the neutrons
in the so-called inverted-geometry configuration. Reproduced from [235] with permis-
sion from American Physical Society.
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Table 1.1 Summary of fuel cell types. Adapted from [36–38] with permission from
Elsevier.
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