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The present work reports novel strategies for the controllable design of metal oxides and their heterojunction
nanostructures, hence delivering functional materials of potential for energy and environmental applications.
Numerous synthesis and characterisation methods were used:
1. Processing:

Cyclic voltammetry, chronopotentiometry, chronoamperometry, hydrothermal synthesis,

solvothermal synthesis, exfoliation, bottom-up, and precipitation.
2. Characterisation: XRD, ND, SEM, EDS, TEM, HAADF, STEM, EELS, EPR, Raman, FTIR, XPS, TOFSIMS, PL, TGA, UV-Vis, BET, Zeta Potential, AFM, KPFM, high-resolution NMR, MS, and linear sweep
and cyclic voltammetry.
A new class of Ce-based coordination polymer (Ce-CP) has been discovered, developed, and applied to a
number of metal oxides: CeO2; TiO2; ZrO2; Fe2O3-, NiO-, and ZnO-decorated CeO2 heterostructures; MnOand CuO-decorated CeO2 heterostructures; C- and S-incorporated CeO2 heterostructures; and ZnO-derived
MOF-5.
The controllable fabrication techniques involve two principal structural and architectural approaches. The first
aimed at controlling the density of surface and volumetric defects in ultrathin CeO2 films. This strategy is
based on fundamental principles of aqueous chemistry for Ce-based materials using thermodynamics and
electrochemistry. The second aimed at developing a controllable architectural design for materials through a
simple, cost-effective, efficient, and reproducible method. A new class of Ce-CP was synthesised and used to
fabricate materials with unprecedented microstructures, including cubes, ultrathin films, holey 2D
nanostructures, hollow nanospheres, hollow pseudo-octahedra, 2D-3D mesoporous scaffolds, nanotubes,
dumbbell-like shapes, rhombohedra, flower-like shapes, solid nanospheres, solid octahedra, and honeycomb
scaffolds.
The work reports several innovations:
1. New thermodynamic and kinetic data for Ce-based species in aqueous systems
2. Fabrication of ultrathin CeO2 with controllable thickness and defect concentrations
3. Room temperature synthesis of a new type of stratified Ce-based coordination polymer

i

4. Room temperature, template-free synthesis of polycrystalline holey 2D nanostructures with the extremely
low thickness of two-unit cells
5. Engineering of the electronic structures of CeO2-based materials by band alignment
6. Synthesis of holey CeO2 nanosheets of controlled thicknesses using a bottom-up method
7. Room-temperature synthesis of hollow spheres and pseudo-octahedra through a directed nanoassembly
technique
8. Template-free synthesis of mesoporous 2D-3D CeO2-x and CeO2-x-based transition-metal oxide
nanostructures
The development of new pathways to achieve controllable, precise, reproducible, and high-yield methods to
fabricate materials with both superior and specific functionalities for targeted applications are reported. The
versatility of the resultant fundamental and applied data can be utilised with other systems.
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Abstract
Increasing demands for energy storage and environmental remediation have triggered recent
developments in materials of advanced functionalities and superior performance. However,
without precise control over the fabrication processes, their large-scale use is hindered.
Further, there are additional challenges in the forms of irreproducibility, requirement of
chemical additives, complex processing, and low-yield. Therefore, there is an imperative to
establish means by which these challenges can be addressed.
The present work reports novel strategies to enable the controllable design of metal oxides and
their heterojunction nanostructures, hence delivering functional materials of great potential for
energy and environmental applications.
Numerous synthesis and characterisation methods have been used in the present work; these
are as listed as follows:
1.

Processing:

Cyclic

voltammetry,

chronopotentiometry,

chronoamperometry,

hydrothermal synthesis, solvothermal synthesis, exfoliation, bottom-up, and precipitation.
2.

Characterisation: XRD, ND, SEM, EDS, TEM, HAADF, STEM, EELS, EPR, Raman,
FTIR, XPS, TOF-SIMS, PL, TGA, UV-Vis, BET, Zeta Potential, AFM, KPFM, highresolution NMR, MS, and linear sweep and cyclic voltammetry.

A new class of Ce-based coordination polymer (Ce-CP) has been discovered and developed.
This material and the associated processing methods have been applied to a number of metal
oxides, including CeO2; TiO2; ZrO2; Fe2O3-, NiO-, and ZnO-decorated CeO2 heterostructures;
MnO-

and

CuO-decorated

CeO2

heterostructures;

C-

and

S-incorporated

CeO2

heterostructures; and ZnO-derived MOF-5.
The controllable fabrication techniques developed in the present work involve two principal
structural and architectural approaches. The first strategy was aimed at controlling the density
of surface and volumetric defects in ultrathin CeO2 films.
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This strategy is based on

fundamental principles of aqueous chemistry for Ce-based materials using both
thermodynamics and electrochemistry.

A second strategy was aimed at developing a

controllable architectural design for materials through a simple, cost-effective, efficient, and
reproducible method. As a result, a new class of Ce-CP was synthesised and used to fabricate
a range of materials with unprecedented microstructures, including cubes, ultrathin films, holey
2D nanostructures, hollow nanospheres, hollow pseudo-octahedra, 2D-3D mesoporous
scaffolds, nanotubes, dumbbell-like shapes, rhombohedra, flower-like shapes, solid
nanospheres, solid octahedra, and honeycomb scaffolds.
In summary, the present work reports several innovations, which are as follows:
1. New thermodynamic and kinetic data for Ce-based species in aqueous systems
2. Fabrication of ultrathin CeO2 with controllable thickness and defect concentrations
3. Room temperature synthesis of a new type of stratified Ce-based coordination polymer
4. Room temperature, template-free synthesis of polycrystalline holey 2D nanostructures with
the extremely low thickness of two-unit cells
5. Engineering of the electronic structures of CeO2-based materials by band alignment
6. Synthesis of holey CeO2 nanosheets of controlled thicknesses using a bottom-up method
7. Room-temperature synthesis of hollow spheres and pseudo-octahedra through a directed
nanoassembly technique
8. Template-free synthesis of mesoporous 2D-3D CeO2-x and CeO2-x-based transition-metal
oxide nanostructures
The present work reports the development of new pathways to achieve controllable, precise,
reproducible, and high-yield methods to fabricate materials with both superior and specific
functionalities for targeted applications. The versatility of the resultant fundamental and
applied data can be utilised with other systems.
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Chapter 1 Literature Review
1.1

Electrochemistry

Electrochemistry is considered as a classical strategy for both analysis and synthesis purposes.
This strategy involves electrochemical reactions that take place through electron transfer
between two or more electrodes immersed in an electrolyte. The electrochemical-based
method mainly involves a three-electrode configuration system, as shown in Figure 1.1,
comprising of a working electrode (WE) in which deposition occurs, a reference electrode (RE)
to read the actual current and potential values against the WE, and counter electrode (CE) which
acts in an opposite direction relative to the WE that could be either anode or cathode. Further,
there is a potentiostat circuit which is used to apply current/voltage, and luggin capillary that
is used to adjust the position of the sensing point of the reference electrode relative to the
working electrode [1].

Figure 1.1: Schematic of a three-electrode configuration of electrodeposition apparatus.

1.1.1

Electrochemical Analysis

Most electrochemical methods are analytical techniques relying on measurements of potential,
density of electron transferred (current density), concentration of analytes, kinetics of the
1

electrochemical reactions occurring on the surface, kinetics of charge carrier diffusion,
thermodynamics and kinetics of the redox reactions [2]. Figure 1.2 shows a schematic of
interfacial electrochemical techniques that highlights the techniques, experimental conditions,
and targeted measurements. Among the methods, four main techniques are mainly studied and
applied

in

this

thesis,

i.e.,

potentiometry

(chronopotentiometry),

amperometry

(chronoamperometry), linear sweep voltammetry (LSV), and cyclic voltammetry (CV).

Figure 1.2: Examples of electrochemical analysis techniques: techniques, corresponding experimental
conditions, and the analytical measurements are illustrated in red, blue, and green, respectively [2].
Dotted lines represent the principal tests in the present thesis.

2

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
Voltammetry is a potential-controlled method in which the current variations are monitored by
sweeping the potential of the working electrode.
electrodeposition

provides

significant

quantitative

Voltammogram analysis prior to
information

on

kinetics

and

thermodynamics of electrochemical process [3]. Linear sweep voltammetry (LSV) is based on
constant potential range. A simple plot of linear curve in voltage vs. time is shown in Figure
1.3, the slope of which indicates the rate of scan. As the potential changes steadily, current
density shows irregular behaviour (Figure 1.3(b)), reaching a peak before dropping to the lower
value. Thermodynamically, Nernst equation (Equation 1.1) explains the initial rise of current
density in which E is the applied voltage, E0 is the standard voltage of species, R and F are gas
and Faraday constants respectively, T is temperature, and n represents the number of electrons
transferred [4].

E = E0 +

RT
nF

log

(Activity of products)
(Activity of reactants)

(Equation 1.1)

At the initial step, when voltage is applied, the reactants will traverse towards the electrode.
This trend is enhanced with increase in the applied voltage and then a maximal current density
is reached (Figure 1.3 b). However current density experiences a drop at the final stage. The
kinetic reason for this to occur is that the coagulation of products close to the electrode results
in the extension of the diffusion layer thickness such that it is sufficiently thick for reactants
not to diffuse and react with electrode and this leads to a decline in the current density [5].

3

Figure 1.3: Schematic showing linear sweep voltammetry: (a) potential variations (b) corresponding
current density variations [6].

The slope of the line in voltage/time plot determines the scan rate. As shown in Figure 1.4,
increasing the scan rate leads to a shift of the total current to upper value, while the form of
curves show no change. This is attributed to the size of diffusion layer and the time taken to
record scan rate. The higher scan rate leads to rapid electron transfer and subsequently more
current density [7]. In fully reversible reactions, the peak potentials in different scan rates are
not altered if the electrodes are the same [8].

Figure 1.4: Schematic showing the effect of scan rate on current density and peak potential variations
in a fully reversible electrochemical reaction (a) Linear variations of potential as a function of time, (b)
variations of current density as a function of time [6].

4

This mode is usually used to provide the best current density and potential in both anodic and
cathodic deposition. Cyclic voltammetry (CV) is very similar to LSV. In this method, the
voltage is applied from V1 to V2, sweeping back to initial stage (V1), as shown in Figure 1.5.
The current curves illustrates two curves owing to oxidation and reduction reactions of species
[9].

Figure 1.5: Schematic showing cyclic voltammetry: (a) potential variations from V1 to V2 and
reversing to initial position, (b) Current density variations for cathodic and anodic reacitons [6].

Peak currents which are an indication of the active area of materials in cyclic voltammetry
analysis can be predicted by Randles Sevick equation [10], where;

i = 269x105 n 3 / 2 A D1 / 2C v1 / 2
i = peak of current in redox reaction
n = number of electrons transferred
A = Surface area of electrode (cm2)
D = Diffusion coefficient (cm2/s)
C = Concentration of solution (mol/cm3)
v = Scan rate.
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(Equation 1.2)

As seen from Equation 1.2, the peak current is directly proportional to square root of scan rate.
The amounts of anodic and cathodic peak currents remain unchanged at all scan rates. Further,
once the values of redox potentials are identified, the number of transferred electrons can be
measured by potential cell equation [4]:

.

∆

where the anodic and cathodic potentials are represented by

1.1.2

(Equation 1.3)

and

, respectively.

Electrochemical Deposition Techniques

Electrochemistry has attracted great attention for use in fabrication of numerous functional
materials. The electrochemical technique is cost-effective, controllable, simple, and high yield
[11, 12].

Electrodeposition process can be typically divided into two methods of

electrophoretic (EPD) and electrolytic deposition (ELD).

Electrophoretic deposition is

achieved by coagulation of charged particles suspended in a liquid medium through their
motion in electric field. In contrast, the electrolytic deposition involves transfer of ionic species
and direct interaction of ionic species at or near the surface of WE [13, 14]. The principal
variations of these techniques are shown in Table 1.1.
Table 1.1: Basic evaluations of ELD & EPD processes [15].

Property

ELD

EPD

Species

Ions

Solid particles

Liquid medium

Solution

Suspension

Liquid

Water

Organic

Deposited material

Metals

Ceramic and/or metals

Conductivity of liquid

High

Poor

Deposition rate

10-3-1 μm / min

1-10 3μm / min

Film thickness[13]

10-3-1μm

1-104μm
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Electrophoretic deposition
Electrophoretic deposition is affected by the surface potential of the suspended particles. The
surface potential includes stern potential which is the potential between surface and stern plane,
and the zeta potential which is the electrical potential of firm stern plane and the slipping plane
(Figure 1.6). The zeta potential is applied to evaluate the magnitude of potential at the double
layer. The thickness of the double layer represents the stability of the suspension. Thick double
layer keeps the particles away from one another, due to the strong electrostatic repulsion forces.
However, the thin layer (lower surface potential) is incapable of forming a barrier against
flocculation of the particles, which results in a highly viscous liquid with sediments of the
suspended species. The stability of a suspension is determined by the Debye length 1/k, which
is defined as [16]

∑

Where and
charge,

and

∑

(Equation 1.4)

are the permittivities of the suspension and vacuum, respectively, e is electron
are the concentration and the valence of ions, respectively,

Boltzman constant and absolute temperature, and
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and

are

is the dielectric constant of the medium.

Figure1.6: Schematic showing electrostatic potentials around the charged ion [17].

According to DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory, the total energy (VT)
between two isolated, identically charged ions can be achieved by the sum of the repulsion
potential of the double diffusion layer (VR) and Van der Waals attraction energy (VA) [18].

VT = VR + VA

(Equation 1.5)

The Van der Waals attraction energy (VA) is given by:

V

(Equation 1.6)
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Where A is the Hamaker constant, D is the inter-particle distance, and

and

are the radii of

particles 1 and 2; the electrostatic repulsive potential is given by:

V

Where

ln 1

is the permittivity of the medium,

particles,

(Equation 1.7)

is surface potential, r is the distance between

is Debye length, and D is inter-particle distance.

The electrical potential of particles is evaluated by zeta potential (ξ indicating the stability
degree of colloidal systems.

ξ is influenced by factors such as pH, conductivity, and

concentration. The stability state of a colloidal system can be defined according to the electrical
potential at the solid/liquid interface, and this is described as follows:
1.

Isoelectric point corresponding to the point where the electrostatic potential of particles at
the double layer is zero. The pH at this point is pHiep. (pHiep value of cerium oxide ~8)
[19].

2.

Point of zero charge is related to the condition where the sum of intrinsic and extrinsic
potentials of a particle is zero. This is because the positive and negative charges counteract
one another. The pH at this point is pHzpc.

Controlling the zeta potential (ξ is typically carried out through controlling the isoelectric
point, since the point of zero charge is an intrinsic factor, while the isoelectric point is greatly
dominated by extrinsic factors [15].

Figure 1.7 illustrates that the suspensions with a high zeta potential (typically > ±30) are
appropriately stable, while the reduction in zeta potential leads to lower stability of the system.
9

Additionally, in Figure 1.7, there are two areas defined as overly stable regions, where the
electrostatic repulsive forces are greater than the force of the electric field resulting in the
formation of highly stable medium. Under this condition, the particles do not move towards
the electrode, thereby impeding electrophoretic deposition [15].

Figure1.7: Effect of pH on zeta potential of charged species in electrodeposition [15].

The electrophoretic mobility (EPM) is proportional to ξ. According to the Smoluchowski
theory for particles that are large enough (>0.2 mm) in comparison with the thickness of the
electrical double layer, the zeta potential (ξ is calculated by Equation 1.8 [20]

μ

(Equation 1.8)

Where μ is electrophoretic mobility, ξ is Zeta potential, ε is permittivity of medium, and η is
the viscosity of solvent.
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Electrolytic deposition
Current density and potential are key factors for electrodeposition synthesis.

As for

galvanostatic mode (amperometry), the applied current is constant while potential varies
according to the time of deposition. In this case, the density of transferred electrons involved
in the faradic reactions is constant [21, 22].

In contrast, under potentiostatic mode

(potentiometry), a steady potential is applied through the working electrode and the current
density varies. Electrodeposition can be carried out either through a cathodic mode, in which
the reactants accept electrons and deposit under reduction reaction, or during anodic mode,
where ionic particles lose their electrons and attach on the substrate surface via oxidisation to
the higher valence.

Cathodic electrodeposition
Cathodic electrodeposition is typically used in metal deposition. However, controlling pH and
anion concentration of the electrolyte leads to hydroxyl formation and loss of water which
results in the formation of the metal oxide. Interestingly, in the electrochemical reaction of the
solute and working electrode, water and dissolved oxygen molecules are electrolysed
producing hydroxide anions. These electro-generated hydroxide anions may form a base layer
close to the cathodic electrode. The increase in the pH at the vicinity of the substrate occurs
through one of two mechanisms: 1) consumption of H+ and/or 2) generation of OH–. In the
first mechanism, hydrogen evolution and nitrate reduction are the predominant reactions
(Equations 1.9-1.12). In the latter mechanism, the pH increase is attributed to the electrolysis
of water, reduction of dissolved oxygen and suspended anions. These reactions are given in
Equations 1.13–1.18 [23, 24].
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First mechanism
H+ + e–⟷ Hads

(Equation 1.9)

2H+ + 2e–⟷ H2

(Equation 1.10)

NO3– + 2H+ + 2e– ⟷ NO2– + H2O

(Equation 1.11)

NO3– + 8H+ + 10e– ⟷ NH4+ + 3H2O –

(Equation 1.12)

2H2O + 2e– ⟷ H2 + 2OH–

(Equation 1.13)

O2 + 2H2O + 4e– ⟷ 4OH–

(Equation 1.14)

NO3– + H2O + 2e– ⟷ NO2– + 2OH–

(Equation 1.15)

NO3– + 7H2O + 8e– ⟷ NH4+ + 10OH–

(Equation 1.16)

Second mechanism

ClO4– + H2O + 2e– ⟷ ClO3– + 2OH–

(Equation 1.17)

ClO4– + 4H2O + 8e– ⟷ Cl- + 8OH–

(Equation 1.18)

The formation of an alkaline layer is most likely to occur prior to metal deposition. In this
case, the generated hydroxide attracts metal cations leading to precipitation of a metal
hydroxide layer on the surface [25]. Factors like precursor concentration, pH, temperature,
additives, as well as the applied voltage and current may determine the characteristics of the
resultant film. Hamlaoui et. al, analysed the impact of bath temperature on the grain size and
structure of ceria film on a carbon steel substrate. It was illustrated that raising temperature
from 23°C to 60°C increased the grain size to 8.09 nm and changed their structure from needlelike to rosette shape [26]. Moreover, additives like hydrogen peroxide (H2O2), owing to their
high reactive potential, are used widely to accelerate the conversion of Mn to easily hydrolysed
Mn+1 and prevent the formation of non-stoichiometric metal oxide [24, 27]. Amplifying the
current density, enhances the difference between the pH of the solution and the near-electrode
pH. In contrast, raising the temperature would reduce this difference [25].
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Aldykiewicz proposed a mechanism in which cerium oxide (CeO2) deposition takes place with
oxidation of Ce3+ to Ce 4+ under oxygen reduction at cathodic sites. This process can be divided
into two sets of reactions. Firstly, oxygen reduction occurs in different ways and by which
oxygen is completely reduced to hydroxide (Equation 1.19). Secondly, oxygen may react with
two free electrons to form H2O2 and hydroxide (Equation 1.20). The presence of H2O2 could
accelerate the oxidation of Ce3+ [28].

Two and four electron reduction steps

O2 + 2H2O + 4e- ⟷ 4OH-

(Equation 1.19)

O2 + 2H2O + 2e-⟷ H2O2 + 2OH-

(Equation 1.20)

Finally, in the presence of high hydroxide concentration near the substrate, CeO2 is likely to
form without heat treatment (Equations 1.21 and 1.22).

CeO2 formation reactions

2Ce3+ + 2OH -+ H2O2 ⟷ 2Ce(OH)22+

(Equation 1.21)

2H2O + 2Ce(OH)22+ ⟷ 2CeO2 + 4H+

(Equation 1.22)

Although the formation of cracks in the film synthesised by cathodic deposition is widely
reported, some literature shows that binders like poly diallyl dimethyl ammonium (PDDA) [24]
or sodium acetate [11] can intercalate into the metal deposit as additives and thus improve the
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adhesion of the film. This approach can also reduce the risk of cracking through the formation
of the film on a porous substrate.

Anodic electrodeposition
Anodic deposition is the process in which reactants oxidise to higher oxidation state by losing
their electrons at the surface of WE (Equation 1.23). This is followed by a rapid reaction of
the as-formed higher-valence metal ions with hydroxyls close to the WE, generating metal
hydroxide or oxide (Equation 1.24).

M n+ = M(n+x)+ + xe

(Equation 1.23)

M(n+x)+ + (n+x) OH-= M(OH)n+x = MO (n +x)/2 + ½O2

(Equation 1.24)

The anodic technique appears not to be suitable for high pH condition. This is owing to
instability of the metal cations at high pH and thus no faradic reactions occur with hydroxides
in the vicinity, prior to reaching the double-layer space. Consequently, the resultant deposit
consists of a mixture of metal oxide/hydroxide with different valences. Figure 1.8 illustrates
this scenario for Ce-based species.
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Figure 1.8: Anodic electrodeposition of CeO2 (left) theoretical, (right) experimental. Black, blue,
brown, purple balls represent electrode, Ce4+, OH-, Ce3+ions.

For CeO2 electrodeposition, cathodic approach is more frequently reported relative to the
anodic method [29, 30]. During cathodic electrodeposition, the formation of hydroxyl layer
(base layer) is the principal driving force for Ce(III) hydroxide formation, which can partially
be oxidised to CeO2·2H2O in oxygen-rich solutions. The formation of CeO2 on the initially
generated hydroxyl layer makes a film that has weak bonding with the substrate and therefore
it is readily peeled off. Further, incomplete oxidation of Ce(III) results in the partial formation
of Ce(OH)3 [23, 31, 32]. Thus, post-heat treatment to complete the oxidation is required. In
contrast, under anodic electrodeposition, Ce3+ is directly oxidised to Ce4+ and a thin layer of
CeO2 is formed on the substrate.

Although anodic electrodeposition offers homogeneous and high quality (strongly bonded)
films, the resultant film is limited by the thickness in the nanometre scale [29]. The recent
publications on both cathodic and anodic deposition of CeO2 and Ce-based metal oxides were
collected and tabulated in Table 1.2. It is significant to note that anodic method has had very
limited discussions for both fundamental and application purposes.
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Table 1.2:

Materials

Anodic and cathodic electrodeposition of CeO2 and CeO2-based materials

Substrate

Deposition

Current

Voltage vs.

method

(mA.cm2)

SCE (V)

Film
Thickness

Ref.

(μm)

CeO2

Carbon steel

Cathodic

0.25-3.00

-6.0 – -2.5

Ce1-xGdxO2-x

Ni-YSZ Cermet

Cathodic

1-5

-

~1

[24]

Ce0.7Gd0.2O2-x

Stainless steel

Anodic

-

-0.8

~2

[33]

CeO2

Stainless steel

Anodic

-0.06

-

[11]

AA2024-T3

Anodic

-

FTO

Cathodic

Ce-doped
(BTESPT)
Polystyrene
(PS)/CeO2
CeO2

Ti alloy (Ti6Al-4V)

vs. Ag/AgCl

-0.8
-2 – -0.05

Cathodic

-

[34]

-0.4 – -1.4
vs. Ag/AgCl

Cathodic

[23]

[35]

[35]
[36]

Pt, Au, stainless
PVP-CeO2

steel &
platinized

5 20

0.1–3 μm

[37]

silicon wafers
Ni/CeO2

Polycrystalline

vs. Ag/AgCl

Cu

-1.3 – -1.8

[38]

magnesium
CeO2

alloy Mg-Gd-Y-

Cathodic

-

[39]

12 -70

[40]

Zr
CeO2

Hastelloy C-276

Anodic

CeO2

Aluminium

Cathodic

CeO2

ITO

Cathodic

vs. Ag/AgCl
0.5
5

[41]
vs. Ag/AgCl

[42]

−1.2 – 1.3

Ni-based singleCeO2

crystal

Cathodic

0.25 – 2.5

superalloy
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<2.5

[32]

Pure Nickel &
CeO2

nickel-based

Cathodic

0.5 – 2

0 – -1.8

[31]

superalloy

1.2

CeO2 and CeO2-Based Functional Materials

Rare earth elements have increasingly become a critical material in the evolution towards a
green economy [43]. Among the seventeen rare earth metals, cerium (Ce) is the most abundant
in the earth’s crust at a concentration of 60 ppm [44]. The electron configuration of Ce is [Xe]
4f1 5d1 6s2 [45], where the proximity of energy levels between 4f and 5d electronic orbitals
makes the structure easily interchangeable between tetravalent (IV) and trivalent (III) states
[46]. Upon exposure to air, Ce is readily oxidised to CeO2. Many of the properties of CeO2
are dependent on the amount of oxygen anions bonded to the Ce cations in the structure. Being
stable in a given stoichiometry is closely related to the number of vacancy defects existing in
the structure [47]. In addition, the surface state of CeO2 may be found by observing changes
in its colour. In an oxygen-rich atmosphere, the structure tends to be more stoichiometric and
the colour is pale yellow [48]. On the other hand, vacuum or inert gas conditions and/or the
presence of reducing agents such as H2, CO or hydrocarbons can change the valence to the less
positive state (Ce3+) [49].

1.2.1 Structural Properties
Stoichiometric CeO2 has a cubic fluorite structure with Fm3m space group in which Ce cations
are coordinated to eight oxygen anions which occupy the octahedral interstitial sites, while the
oxygen anions are bonded to the four closest Ce atoms [50, 51]. Non-stoichiometric CeO2
(Ce2O3) is of two structures, hexagonal (A type) with P3ml space group [51], and BCC (C
Type) with space group of Ia3 [52]. In A type structure, Ce cations are linked to seven oxygen
anions of which three are closer to it. With regard to the C type (BCC), however, the crystal
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is metastable and has a very large unit cell, including 32 and 48 Ce and oxygen atoms,
respectively. In most cases, CeO2 does not exist in pure form but in an intermediate phase
CeO2-x, (0 ≤ X < 0.5), i.e. a mixture of Ce3+ and Ce4+ oxides. Amorphous Ce2O3 is observed
around oxygen defect sites or at grain boundaries [53]. Fluorite cubic and hexagonal structures
of CeO2 are shown in Figure 1.9.

Figure 1.9: Crystal structure of CeO2 (left) and A-type, hexagonal, Ce2O3 (right). The large blue
spheres are Ce and the small reds are oxygen atoms [54].

1.2.2

Electrical Properties

Electrical conductivity
The electrical property of ceria is strongly proportional to the defects formed within the
structure. Through oxygen vacancy formation, free oxygen anions (ionic) and two free
electrons in the lattice (electronic) provide a favourable combination of ionic and electronic
conductivity (MIEC) [55, 56].

This distinctive property, which modifies the operating

temperature to an intermediate range (below 600°C) [57] has made ceria a suitable candidate
for applications, in which the rate of charge carrier transfer is critical. The total electrical
conductivity is the sum of electronic (σe) and ionic (σi) conductivities (Equation 1.25) [55].
Electronic conduction is attributed to a small-polaron hopping arising from donor cations
(Ce3+) and is sensitive to partial oxygen pressure [56] and temperature (Equation 1.26) [55].
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(Equation 1.25)

(Equation 1.26)

Where

is the total conductivity,

is the electronic conductivity,

is the temperature independent constant,

is the ionic conductivity,

is the mobility of electrons (temperature-

dependent) and n is the number of free electrons which is twice the oxygen vacancy density.

Ionic conductivity of ceria can be defined in terms of oxygen anion mobility. The ions can
form in response to the formation of Ce3+ and/or addition of lower valence dopants such as Gd
and Sm [52, 53]. This would increase the number of free oxygen ions in the lattice even at low
temperature as vacancies are made to compensate the charge balance in the lattice [58-61]. The
general equation of ion conductivity is given by:

σ T

[

••

2e

••

] is the concentration of oxygen vacancies, μ

μ

T

(Equation 1.27)

is the temperature-dependent mobility of

vacancy (the amount of energy required to move vacancy and oxygen ions are identical) and
2

••

is the number of electrons released during each vacancy formation.

Certain factors such as grain size (density of grain boundaries), oxygen partial pressure, and
imperfections affect the total conductivity. Also, according to Younis et al., (100), (110), and
(111) lattice planes exist on CeO2 nanocrystal surfaces (Figure ) [62]. It is seen that (111) is
the most stable, followed by (110) and then (100).
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Figure 1.10: Schematic showing low-angle planes in CeO2. (a) Fluorite cubic structure of CeO2. (b)
(100) plane of CeO2, (c) (110) plane of CeO2 (d) (111) plane of CeO2 [62].

Kosacki et al. achieved considerable (two orders of magnitude) enhancement in electrical
conductivity by reducing ceria crystalline grain size from 1 μm to 5 nm [63]. On the other
hand, Tschope reported that small grains may decrease ionic conductivity in spite of creating a
greater concentration of barriers against oxygen ion mobility [64]. This was then thoroughly
discussed in Bellino’s paper, where the impact of grain size on total ionic conductivity of yttriadoped and samarium-doped ceria was investigated [65]. It was seen that grain boundaries make
a substantial contribution to ionic conductivity but the small volume fraction of boundaries in
the microcrystalline structure makes them insignificant through ion transport. Later on, it was
revealed that ionic conductivity is a function of temperature (Arrhenius law) [66].

σ

where

is ionic conductivity,

exp

is Boltzmann constant, and
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(Equation 1.28)

is activation energy.

Materials such as CeO2 with lower

could facilitate ionic conductivity at lower temperatures

[67]. Bellino stated that for nanoparticles with the size of 35-50 nm, conduction type is a
function of temperature. At high temperatures, electronic conduction is predominant (bulkcontrolled condition) while the conduction at low temperatures is based on grain-boundary
diffusion (ionic conductivity) [65].

Bandgap
Materials are classified into three types in terms of their electrical conductivity – conductors
(metals), semiconductors, and insulators. These different behaviours can be interpreted in
terms of the filling of the electronic bands. As illustrated in Figure 1.11, a solid with a filled
valence band and a high energy band gap behaves as an insulator, while if the conduction and
valence bands overlap, it is a conductor. A semiconductor has a significantly lower band gap
compared to an insulator. The bandgap energy may vary from more than 12 eV in some ionic
solids to 0.1 eV in some metallic solids [68]. The bandgap of semiconductors is relatively less
than 3.2 eV at T = 0 K (typically between 2 eV and 3 eV). Electronic conductivity in nonmetallic solids occurs once electrons in the valence band absorb energy equal to or higher than
the band gap and are excited to the conduction band.
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Figure 1.11:

Classification of materials based on electrical conductivity (a) Insulator, (b)

semiconductor, (c) metal [69].

The bandgap energy for CeO2 is formed between the orbital densities at the highest energy in
the top spin (Ce 5d) and the lowest unoccupied molecular orbital (O 2p), which is almost 6 eV.
Ce 4f is reported to act as an atomic-like band within the gap between O 2p and Ce 5d (~6 eV),
which is exclusively related to stoichiometric ceria (CeO2), as shown in Figure 1.12(a).
Meanwhile in the electron configurations of non-stoichiometric ceria (CeO2-x), by increasing
the number of Ce3+ and thus the amount of oxygen vacancies, Ce 4f0 will transform to either
Ce 4f1 or Ce 4f2 resulting in lowering of the bandgap (Figure 1.12b). Interestingly, in Ce2O3,
where all Ce atoms are trivalent, the empty part of d band merges with Ce 5d in the conduction
band [70]. It was experimentally shown that the gap between Ce 4f full to the merged
conduction band is roughly 2.4 eV [71] (Figure 1.12(c)).
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Figure 1.12:

Variations of bandgap in different compositions of CeO2 [70].

CeO2, owing to having a unique bandgap configuration, electrical conductivity, rapid switching
between the oxidation states of Ce3+ and Ce4+, and high capability of storing oxygen has
recently drawn great attention as a promising candidate for energy and environmental
applications in supercapacitors, photocatalysts, and catalysts.

1.2.3

CeO2-based Materials for Energy and Environmental Applications

Energy applications
Batteries and capacitors are the best known energy storage systems. Batteries are able to store
electrical energy through redox reactions between electrodes while, in contrast, electric double
layer capacitors (EDLCs), which are known as supercapacitors, store electrical energy by nonfaradaic adsorption/desorption of ionic charge carriers at the electrode/electrolyte interface
[72]. The energy densities of these devices are determined by the number of active sites, where
those in the electrode bulk and surface are applicable for batteries but only those at the electrode
surface are applicable for supercapacitors. While batteries exhibit high energy densities and
low power densities, supercapacitors exhibit the converse densities [72, 73]. An alternative
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device is pseudocapacitive metal oxides, which offer intermediate but more balanced densities
[73]. These devices store energy by faradaic redox reactions between the electrode and the
ionic charge carriers at or near the surface of the electrode. This allows the number of active
redox sites to be extended slightly into the electrode bulk [74]. There are two possible bulk
energy storage mechanisms, depending on the material or nanostructure:

1. Intercalation pseudocapacitors: The charge carriers diffuse through interstitial channels
inside or between aligned nanosheets. While the energy density is relatively high, the power
density for a desirable practical time is impacted negatively owing to high overpotential
from slow charge/discharge kinetics [75]. At present, data for only MnO2, Nb2O5, MoO3,
and VOPO4 intercalation pseudocapacitors have been reported owing to intrinsic structural
limitations to such defect formation as well as difficulty in engineering defects of suitable
characteristics [76-78].

2. Redox pseudocapacitor: Charge transfer by fast proton conduction occurs in the hydrous
layer at grain boundaries. While the power density is quite high, the energy density is
variable because it is controlled by the balance between proton diffusion along the grain
surfaces and electron transport within and across grain interfaces. Again, the number of
MOs reported to exhibit redox pseudocapacitive behaviour is limited to only a few materials,
these being MnO2, RuO2, and WO3. A further consideration limiting wider acceptance of
these materials is their relatively high costs [79].

CeO2 recently has shown promise as a supercapacitor [80-82]. This originates from readily
exchangeable oxidation states, good ionic conductivity, high chemical and thermal stability,
resistance from phase transformation during charge/discharge process, cost-effectiveness, and
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environmental friendly nature of CeO2. The capacitance of CeO2 arises mainly from surface
redox reactions facilitated by fast switchable Ce4+ ↔ Ce3+ redox equilibria. Since structural
defects in the form of oxygen vacancies (

••

) have been shown to improve the capacitance by

creating redox sites that enhance electron transport, extensive work on the fabrication of CeO2x

devices with

••

concentrations ([

••

]) in the range of 4 at% [83] to 40 at% [84] have been

undertaken.

Nevertheless, CeO2 exhibits relatively low theoretical capacitance of 462 Fg-1, which is owing
to its high molecular mass limiting their use as pseudocapacitors. In addition, CeO2 materials
suffer from insufficient electron conduction deriving from low [

••

]; it is likely that the main

reason for this is the difficulty of obtaining a nanostructure exhibiting coexistence of
continuous pathways of CeO2-x grains (intergranular electron conduction) and hydrous layer
(grain surface proton conduction). Further, since most fabrication processes attempt to increase
the [

••

] by annealing at elevated temperatures under reducing atmospheres, this is likely to

result in both removal of the hydrous layer as well as generation of

••

at the grain surface

only, which would reduce surface proton conduction and intergranular electron conduction,
respectively. Table 1.3 gives the capacitance and microstructural data for recent works on
CeO2 and hybrid CeO2-based pseudocapacitors.

Table 1.3: Recent publications on CeO2 and hybrid CeO2-based pseudocapacitors.
Sample
CeO2/RGO
CeO2/carbon
MnO2/CeO2

Specific Capacitance
211 F g-1 at 2 mV s-1
185 F g-1 at 2.0 A g-1
150 F g-1 at 0.25 A g-1
75 F g-1 at 1.0 A g-1
274.3 F g-1

Capacitance
after cycling

Morphology

Method

Ref

105 % after
4000 cycles

Nanoparticle

Sonochemica
l

[85]

-

Nanoparticle

Hydrothermal

[86]

94 % after
1000 cycles

Nanoparticle
s on MnO2
nanorod

Hydrothermal

[87]
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-1

-1

92 % after 1000
cycles
82 % after 1000
cycles
94 % after 4000
cycles
95 % after 2000
cycles
100% after 1500
cycles
90 % after 2000
cycles
80 % after 2000
cycles
90 % after 1000
cycles

Nanocrystal/n
anoplates
CeO2 on
MnO2 nanorod

CeO2

134.6 F g at 1 A g
116.2 F g-1 at 5 A g-1

CeO2/N doped
GrO

230 F g-1 at 2 mV s-1

CeO2/Carbon

818 F g-1 at 1 mV s-1

CeO2

927 F g-1 at 2 A g-1

carbon/CeO2

644 F g-1 at 0.5 A g-1

CeO2

602 F g-1 at 0.5 A g-1

MnO2/CeO2/GO

648 F g-1 at 5 mV s-1

CeO2/G

216 F g-1 at 0.5 A g-1

-

Ag/CeO2/Gt

1012 F g-1 at 0.5 A g-1

Pt/CeO2/G

1980 F g-1 at 0.5 A g-1

CeO2

235 F g-1 at 2.0 A g-1

Ni/CeO2

351 F g-1 at 2.0 A g-1

Porous
structures

Combustion

[88]

Nanoparticle

Sonochemical

[89]

nanoparticle

Hydrothermal

[90]

Hexagonal
nanoparticle

Hydrothermal

[91]

Nanorods

Hydrothermal

[92]
Precipitation
Hydrothermal

[93]

Nanoparticle

Hydrothermal

[94]

-

Nanoparticle

Hydrothermal

-

Nanoparticle

Hydrothermal

Flake
-

nanoflake

Microwaveassisted
precipitation
Microwave
assisted
precipitation

[95]

Accordingly, the associated issues and existing drawbacks are listed in Table 1.4.

Table 1.4: Issues and disadvantages reported about CeO2-based pseudocapacitors

Materials

Issue/disadvantages

Ref.

CeO2 /RGO

Capacitance values are relatively average.

[85]

Porous CeO2

Challenging method to control the resultant morphology.
Low cycling stability.

Noble matel/

Extra concentration of metals leads to suppression of charge carriers diffusion

CeO2

leading to blockage of the active sites.
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[88]
[95]

Photocatalytic applications:
During photocatalytic reactions once CeO2 is illuminated by light, the excited electrons will
move to the conduction band leaving the residual holes in the valence band. Some excited
electrons will combine with the holes releasing energy/heat in the process; some will migrate
from the conduction level to oxygen vacancies, which are mostly located on the surface. The
migrated electrons will then react with surface adsorbed oxygen and create superoxide anion
(˚O2¯) [47], as illustrated in Figure 1.13. Similarly, positive holes are captured by water
molecules and form hydroxyl radicals.

Figure 1.13:

Schematic showing CeO2 on the surface. Redox reactions for photocatalytic activity to

and decomposition of organic compounds are illustrated [47].

The principal reactions arising from light irradiation are given in Table 1.5 [47, 96, 97], which
are schematically supported with Figure 1.14 as well.
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Table 1.5. Possible chemical reactions occurring during light irradiation of CeO2 catalyst.

Excitation
CeO2 + hγ ⟺ eCB¯+ hVB+

(Equation 1.29)

Recombination
e¯ + h+⟺ heat

(Equation 1.30)

e¯ + Ce4+⟺Ce3+ (Indirect)

(Equation 1.31)

h+ + Ce3+⟺Ce4+ (Indirect)

(Equation 1.32)

Trapping
e¯ + O2⟺O2˚¯

(Equation 1.33)

h++OH¯⟺OH˚

(Equation 1.34)

h+ + H2O ⟺OH˚ + H+

(Equation 1.35)

Radical Reactions
Ce3+ + O2⟺ Ce4+ + O2˚¯

(Equation 1.36)

O2˚¯ + H+⟺HO2˚

(Equation 1.37)

O2˚¯ + H2O⟺2 OH˚

(Equation 1.38)

HO2˚. + e¯ + H+⟺H2O2

(Equation 1.39)

H2O2 + e-⟺OH˚ + OH¯

(Equation 1.40)

H2O2 + OH˚⟺H2O + HO2˚

(Equation 1.41)
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Figure 1.14:

Schematic showing photoactivity of ceramics under light irradiation [98].

Figure 1.14 demonstrates the photoreaction taking place in general semiconductors. However,
CeO2 is possibly more efficient because of two interchangeable oxidation states. As illustrated
in Figure 1.15, the formation of trapping sites near the valence band and close to conduction
band facilitates charge separation, reduces the recombination of excitons, and narrows the
bandgap of CeO2. These shallow trapping regions are the paths through which electrons and
holes can reach the surface and react with organic compounds resulting in decomposition of
pollutants.
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Figure 1.15:

Enhancement of photocatalytic efficiency by shallow trapping site formed under

photoexcitation of CeO2 [98].

Although the redox potential of CeO2 has attracted great interest, it is not practically efficient
under visible light irradiation, owing to having a bandgap of ~3.2 eV and absorption edge at
low wavelength (λ < 380, UV region). A great number of attempts have been made to
overcome this barrier by lowering the band gap energy, particularly via creation of trapping
sites acting as barriers against electron-hole recombination. Ansari made an active biofilm
using sodium acetate to modify the band gap of CeO2. The results showed that sodium acetate
reduced the width of band gap by 0.36 eV compared to 3.19 eV for pure ceria and also increases
the light absorption within visible region [99].

1.2.4 CeO2-based Materials for Biomedical Applications
Typically reactive oxygen species (ROS) are responsible for intracellular signalling and for the
aging process; however, the mechanism is still unknown [100, 101]. Excessive concentration
of ROS is normally balanced by endogenous antineoplastic factors like superoxide-dismutase
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(SOD) and catalase [102]. Inequality between these two mechanisms produces oxidative
stresses within the cell which is the principal component of many disorders like cancer,
Parkinson’s, neurodegeneration, immunodeficiency. Figure 1.16 shows areas in the body
affected by oxidative stresses.

Figure 1.16:

Oxidative stress-related disorders in human body [103].

CeO2, from a biological point of view, can interestingly protect cell against oxidative stress and
react as a SOD mimetic. This is owing to its redox capability where oxygen vacancies react
with ROS and scavenge free radicals by producing H2O2 or water molecules [104, 105]. The
mechanism of CeO2 action can occur through two disparate paths.

Through the first route, H2O2 is attracted to the surface of CeO2, while binding with two moles
of Ce4+. This follows by release of its protons forming O22- (Step 2 in Table 1.6). Subsequently,
O22- takes up electrons from 2Ce4+ forming oxygen molecules (O2), which are released, leaving
two moles of Ce3+ (Step 3 in Table 1.6). Under half oxidation reaction, however, adsorption
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of superoxide species by Ce3+ (Step 5 in Table 1.6) occurs which is followed byCe3+ oxidisation
and (O2)2¯ formation (step 5 in Table 1.6). During the steps 6 and 7 in Table 1.6, two
superoxide anions react with protons leading to H2O2 formation. At the end of the cycle, the
oxygen vacancy site returns to the initial Ce4+ state. This process though reduces the number
of superoxides, the concentration of H2O2 will increase. H2O2 has reportedly more toxic
potential than superoxide. This mechanism is schematically shown in Figure 1.17.

Table 1.6: First possible chemical reactions of CeO2 in cancer cell environment.

Half reduction reaction:
2Ce4+ +H2O2→2Ce4+ + (O2) 2¯ + 2H+

(Stage 2)

2Ce4+ + (O2) 2¯ → 2Ce3+ + O2

(Stage 3)

Half oxidation reaction:
Ce3+ +O¯2→Ce4++(O2)2¯

(Stage 5)

(O2)2¯+ 2H+→H2O2

(Stage 6)
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Figure 1.17:

A model demonstrating interaction mechanism between CeO2 and free-radical species.

1-4. depict reduction of Ce4+ by H2O2 absorption and liberating oxygen molecule, 4-7 depict oxidation
of Ce3+ by absorption of oxygen peroxide in two steps, reversing it to the initial state (Ce4+) and leading
to the formation of H2O2 [106].

Considering the second route, the first half of the reduction reactions is identical to those
proposed in the first route. The reactions corresponding to the second route are given in Table
1.7 with the corresponding schematic shown in Figure 1.18. In the half oxidation reaction,
H2O2 reacts with two Ce3+ on the oxygen vacancy site and electrons are transferred from Ce3+
to Ce4+. Finally, the generated hydroxide anions combine with protons leading to the formation
of two water molecules. This process could be a desired candidate for removing oxidative
stress [107].
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Table 1.7: Second possible chemical reactions of CeO2 in cancer cell environment.

Half Reduction reaction:
2Ce4+ +H2O2→ 2Ce4+ + (O2) 2¯ + 2H+

(Stage 2)

2Ce4++(O2) 2¯ → 2Ce3+ + O2

(Stage 3)

Half oxidation reaction:

Figure 1.18:

2Ce3+ +H2O2→2Ce4+ + 2OH¯

(Stage 5)

2OH¯ + 2H+→2H2O

(Stage 6)

A model of interaction mechanism between CeO2 and free-radical species. 1-4 show

reduction of Ce4+ by absorption H2O2 followed by releasing oxygen molecule, 4-6 show oxidation of
Ce3+ by another H2O2 leading to retransformation of Ce4+ and formation of water [106].

1.2.5. State of the Art CeO2 and CeO2-based Nanostructures
The control over the architecture of materials, in macroscopic and nanoscopic scale has always
been a crucial but challenging step in the fabrication process. Such importance is owing to the
extent of exposed facets, active sites, and diffusion pathways, which are determining factors
for both energy and environmental applications [108, 109]. Materials, in terms of their
architectures, are generally classified as zero dimension (0D), such as nanodots, 1D
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(nanofibers), 2D (nanosheets), and 3D (hierarchical structure) [110]. The four architectural
types of materials are schematically shown in Figure 1.19, where the potential for synthesis of
hybrid heterogeneous nanostructures for each architecture is also illustrated using a 0D
nanoparticle.

Figure 1.19:

Schematic of heterogeneous nanostructures based on (a) 0D, (b) 1D,(c) 2D,(d) 3D

[110].

Nanoparticles (0D) have initially demonstrated great potential in catalytic activity due to short
ion diffusion paths. However, the tendency to agglomerate would dramatically suppress their
efficiency [111]. 1D nanostructures offer most of the benefits of the nanoparticles and
moreover they can be assembled into free standing catalysts [112]. By tunning the growth of
1D nanostructure, the desired facets, with high activity and/or lower Gibbs free formation
energy, can be selectively exposed to enhance the functionality of the materials. Recent studies
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on surface chemistry of single crystals revealed that the activity of nanostructures is determined
by the coordination of surface atoms [113].
In addition, to design a functional material with highly accessible surfaces, 3D mesoporous
structure holds a great promise. Nonetheless, the existing fabrication methods suffer from the
requirement for sacrificial template, complex chemical reagents, and post treatment. Further,
state of the art 2D materials, with few tens of nanometre thickness, have recently attracted great
attentions owing to providing short charge carrier pathways and great accessibility to the
defects (active sites). The high surface to volume ratio of 2D materials makes such architecture
exceptional for catalysis and energy-related applications. Figure 1.20 shows transmission
electron microscopy (TEM) images of CeO2 materials with four different dimensional
architectures.

Figure 1.20:

TEM images of 0D-3D nanostructures of CeO2 (left to right).

Low dimension (1D) and high dimension (3D) architectures of CeO2-based materials
Some recent publications on 1D and 3D CeO2-based materials are selected and tabulated in
Table 1.8.

Table 1.8: Recent Selcted publications on CeO2-based materials with 1D and 3D nanostructures for
various applications.

Materials
CeO2 nanorod

Synthesis
procedures
Hydrothermal
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Applications

Ref

Redox enzyme-mimicking

[114]

Materials

Synthesis

Applications

Ref

Templating

CO-oxidation

[115]

3D mesoporous Pt-CeO2

Co-precipitation

Ethanol oxidation

[116]

Mesoporous CeO2 rod

Polyol

CO-oxidation

[117]

N/A

[118]

CeO2 nanotube/carbon
nanotube

CeO2 nanotube

procedures

Template
Electrosynthesis

3D Au/CeO2

Hydrothermal

CO-oxidation

[119]

3D CuO/ CeO2

Hydrothermal

CO-conversion

[119]

Nanowire

Precipitation

CO-oxidation

[120]

CeO2 nanorod

Hydrothermal

Photocatalytic

[121]

Hydrothermal

CO conversion

[122]

3D mesoporous CeO2

MCM-48 template

Photocatalytic

[123]

3D mesoporous CeO2

Cellulose template

Catalytic zonation

[124]

MnO2 nanosheet/CeO2
nanowire

2D nanostructure
2D nanomaterial exhibit unique chemical and electronic properties that are less enhanced in
other-dimensional nanostructures [125, 126]. This arises from their high surface-to-volume
ratio, with nearly all ions are exposed, thereby making the nanostructure defect-rich and ideal
for surface-dependent applications (i.e. catalytic) [127, 128].

State-of-the-art 2D nanosheets generally are synthesized using two main strategies, i.e., topdown (exfoliation) and bottom-up (assembly) [129-131].

The former strategy involves

exfoliation of bulk structures and so is limited to intrinsically layered structures. Further, the
commonly observed irreversible restacking of these 2D structures suppresses the number of
active sites available on the surface [132]. In contrast to the top-down method, the bottom-up
strategy, in which lateral growth is facilitated and outward growth is limited, offers associated
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advantages for the resultant nanosheets. However, its low yield and procedural complexities
limits its applicability [133]. Hence, there is always an imperative to develop simplified,
scalable, and cost-effective strategies to synthesize 2D architectures. The data regarding recent
publications on synthesis of CeO2 nanosheets, their thicknesses, and applications are provided
in Table 1.9.

Table 1.9: 2D CeO2-based materials for selected applications

Material

Thickness/dimensions (nm)

Applications

Ref

Single crystal CeO2

2.2/200

N/A

[134]

Polycrystalline CeO2

30-50/300

N/A

[135]

CeO2 sheets

N/A

Photocatalytic

[136]

Pits-confined CeO2

0.6/500

CO-oxidation

[137]

Polycrystalline

20-50/-

Ethane oxidation

[138]

CeO2 wafer

50/

Ferromagnetic

[139]

Metal-CeO2 platelet

5/200

CO-conversion

[140]

CeO2

1.8/-

CO2 reduction

[141]

To resolve the existing issues, one strategy lies in developing 2D mosaic structures since the
grain misalignment not only increases the density of the active sites (defects) at the grain
boundaries but also prevents irreversible epitaxial restacking of the nanosheets [142, 143]. This
strategy can be further improved by the creation of voids in the 2D nanostructure [132, 144],
which can increase the density of active sites at the new exposed surfaces owing to the presence
of unpaired electrons associated with metal or oxygen vacancies. Although holey 2D graphene
nanostructures have been studied previously [144-147], there are very limited reports on the
synthesis of holey 2D transition metal oxide (TMO) structures [132, 148], which are deposited
discontinuously on graphene oxide sacrificial substrates. Some of the corresponding figures
are shown in Figure 1.21.
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Figure 1.21:

Schematic illustration of Pluronic copolymer induced self-assembly of TMO

nanoparticles into holey 2D TMO nanosheets [148].

While these strategies have resulted in enhanced performance, they still possess significant
drawbacks including multistep processing route, low yield, excessive thickness (tens of nm),
and high costs. Therefore, there is no universal strategy reported for synthesis of ultrathin
holey 2D CeO2 nanostructures of wide range of metal oxides, particularly the intrinsically nonstratified rare earth MOs (REMO)., including CeO2. Since CeO2 holds great potential for
energy and environmental applications owing to its very low redox potential and the associated
rapid switching (Ce3+↔Ce4+) [149-151], the synthesized holey CeO2 nanosheets allow
accomplishment of a new level of functionality for this oxide [152, 153].
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1.3

Summary of Literature Review

In summary, Ce-based materials, owing to their unique intrinsic electrical and chemical
properties, hold great promise for numerous energy-related applications and environmental
remediations.

Nonetheless, there are principal shortcomings towards fundamental

understanding of the Ce-based materials. These limitations involve insufficient data analysis
on aqueous chemistry of Ce-based species, very limited work towards controllable designing
of Ce-based architectures and using electrochemistry as a fabrication route. More importantly,
studies on defect chemistry in Ce-based materials and their impacts on the targeted
performance have been neglected. These inadequacies affect directly the functionality of Cebased materials. Therefore, a comprehensive understanding regarding the existing gaps would
open up new functionalities of these materials and also be applied to other metal oxide
structures.
The principal objectives of the present thesis includes comprehensive thermodynamic and
kinetic study on Ce-based species, applying electrochemistry to analysis and fabrication of new
class of Ce-based materials, exploring novel approaches towards increasing the functionalities
of Ce-based materials, and inclusive study on chemistry of the defects in these materials.
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Chapter 2 Materials and Methods
2.1

Electrodeposition of CeO2-x and Ce-based Coordination Polymer
2.1.1

Cyclic Voltammetry Deposition of Ultrathin CeO2 Films

The electrodeposition was performed using a classical three-electrode configuration system [1,
2]. Fluorine-doped tin oxide on glass (FTO; Wuhan Geao Scientific Education Instrument,
China; 3.0 cm × 1.5 cm) with a film resistivity of ~18 Ω/sq, platinum (Basi Inc., Indiana, USA,
coil L = 23 cm, wire D = 0.5 mm), and Ag/AgCl (Basi Inc., Indiana, USA) were used as the
working, counter, and reference electrodes, respectively. All potentials were based on the
Ag/AgCl reference electrode unless otherwise stated. Prior to electrodeposition, the FTO
substrate was cleaned by ultrasonication in acetone and ethanol for 5 min each, followed by
activation by immersion (1 cm) in 45% nitric acid for 2 min and drying with compressed
nitrogen. The active surface area of the FTO was 1.5 cm2. The potentiostat used was from
EZstat Nuvant Systems, Inc., with a resolution of 300 μV and 3 nA at the ±100 μA range.

Ultrathin films of CeO2-x were deposited electrochemically on FTO substrates using cyclic
voltammetry at scan rates in the range 50-3000 mVs-1 and cycle numbers in the range 50-500
using an aqueous electrolyte.

The electrolyte was synthesised by mixing 0.05 M

Ce(NO3)3•6H2O and 0.05 M Ca(C2H3O2)2 in DI water (resistivity 18.2 MΩ/cm); 1 M NaOH
was used to adjust the pH to value of 6. The resultant films were rinsed with deionised (DI)
water and dried at room temperature prior to further analysis.

2.1.2

Anodic Electrodeposition of Ce-based Coordination Polymer

The synthesis of Ce-CP tubes was carried out by chronopotentiometry electrodeposition using
an electrochemical station (Ezstat Pro, Indiana, USA, with a resolution of 300 μV and 3 nA (in
the ± 100 μA range) with an undivided three-electrode configuration system. FTO (Wuhan
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Geo Scientific Education Instrument, China; film resistivity ~16 Ω/sq2), platinum wire (Basi
Inc., Indiana, USA, L = 23 cm, D = 0.5 mm), and Ag/AgCl (Basi Inc., Indiana, USA) were
used as the working, counter, and reference electrodes, respectively. The electrolyte was
prepared from a mixture of 0.05 M glacial trichloroacetic acid (TCA) and 0.05 M
Ce(NO3)3•6H2O. The initial pH was adjusted using 1 M NaOH solution to 5.8. Prior to
electrodeposition, each substrate was cleaned stepwise by ultrasonication in ethanol and
acetone for 5 min, followed by activation by immersion (1 cm) in 45% nitric acid for 2 min
and drying with compressed nitrogen. Chronopotentiometry electrodeposition at an applied
voltage of 1.4 V was used to deposit the Ce-CP tubes.
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2.2

Syntheses of CeO2-x and CeO2-x-based Heterojunction Nanostructures
2.2.1

Aqueous-based Synthesis of CeO2 Nanosheet

CeO2-x nanosheet
The Ce-CP powder (50 mg) was added to 50 mL of DI water (pH ~7) and then stirred (100
rpm) for 5 min followed by ultrasonication at room temperature for 10 min. Then, 10 mL
NaOH solution (3 M) was added dropwise, resulting in the transformation of the Ce-CP into
CeO2-x. The resultant nanosheets were collected and washed with water (DI). The final product
was then air-dried at 100°C for 24 h. This approach yielded nanosheets as thin as 1.1 nm.

Large-scale CeO2-x nanosheet
700 mg of Ce-CP was added to 200 mL of DI water at room temperature followed by stirring
for 72 h using a magnetic stirrer (100 rpm). Large sheets with a width of up to 0.5 cm were
produced in this way. These large-scale sheets were basically formed from stacking of atomicscale thin nanosheets that were formed in DI water. Longer times usually resulted in the
synthesis of wider and thicker sheets. Addition of NaOH (3 M) converted the Ce-CP to CeO2x.

Next, the dispersion phase was filtered using a filter paper to separate the CeO2-x sheets from

the liquid. The resultant sheets were dried at 100°C for 12 h in an oven. This approach resulted
in large-scale production of CeO2-x nanosheets by a very simple, quick and efficient method.

2.2.2

Polar Organic-based Synthesis of CeO2-x Nanostructures

Tubular nanostructure
The Ce-CP powder (400 mg) was statically aged in NaOH aqueous solution (200 mL, 3 M) at
room temperature for 30 min. Then, the tubes were washed with water (DI) by three times
centrifugation at 5000 g (10 min). The collected tubes were then air-dried at 80°C for 24 h.
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Cubic nanostructure
The Ce-CP powder (100 mg) was added to 100 mL of NaOH solution (10 M) and mixed using
a magnetic stirrer (300 rpm, 5 min) at room temperature. Next, the obtained solution was
hydrothermally processed at 140°C for 24 h. The resultant cubes were washed three times by
centrifugation at 7000 g (10 min). The final precipitate was then air-dried at 80°C for 24 h.

Dumbbell-like nanostructure
The Ce-CP powder (100 mg) was added to 100 mL of DI water with an acidic pH of 5 under
slow stirring (100 rpm) at room temperature. Then, the solution was calcined at 350°C (slow
rate of 1°C/min) for 2 h. The obtained powders were washed by three cycles of centrifugation
(5000 g, 10 min). The final product was then air-dried at 80°C for 24 h.

Rhombohedral nanostructure
The Ce-CP (10 mg) was dissolved in acetone (4 mL) with stirring (300 rpm) at room
temperature for 10 min. The resultant solution was then recrystallized into rhombohedral CeCP at room temperature. The obtained nanoparticles were then collected and statically aged in
NaOH solution (3 M) for 30 min to transform to CeO2-x nanostructure. Then, the final product
was washed three times with DI water (3000 g, 10 min) and air-dried at 80°C for 24 h.

Flower-like nanostructure
The Ce-CP (40 mg) was dissolved in acetone (2 mL) with stirring (300 rpm) at room
temperature for 10 min. The resultant solution was then spread on a glass substrate and
recrystallized to form a flower-shaped Ce-CP at room temperature. The obtained Ce-CP
nanostructure was then statically aged in NaOH solution (3 M) for 30 min to transform into
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CeO2-x. Finally, the resultant nanoflowers were washed three times with DI water (5000 g, 15
min) and air-dried at 80°C for 24 h.

Hollow sphere nanostructure
The Ce-CP (40 mg) was dissolved in 4 mL of ethanol under stirring (100 rpm) for 10 min at
room temperature. The resultant solution was then recrystallized at low temperature 0°C for
24 h to form hollow spheres of Ce-CP. The resultant nanostructures were then statically aged
in concentrated NaOH solution (3 M) for 30 min and the obtained CeO2-x hollow spheres were
washed in water collected by three cycles of centrifugation (5000 g, 10 min). The collected
hollow spheres were then dried at 80°C for 24 h in air.

Hollow octahedral nanostructure
The Ce-CP (40 mg) was dissolved in ethanol (4 mL) with magnetic stirring (100 rpm) at room
temperature for 10 min. The solution was then allowed to recrystallize at room temperature to
form hollow octahedral morphology of Ce-CP. The obtained Ce-CP nanostructure was then
aged in aqueous solution of NaOH (3 M) for 30 min to transform into CeO2-x. The final CeO2x

powder was washed by three cycles of centrifugation (5000 g, 15 min) followed by air-drying

at 80°C for 24 h.

Solid sphere nanostructure
The Ce-CP (40 mg) was dissolved in 40 mL of ethanol under stirring (100 rpm) continued for
10 min at room temperature. The solution was then transferred into a Teflon-lined stainless
steel autoclave reactor for the hydrothermal process (140°C, 24 h). The obtained spheres were
centrifuged and re-dispersed in water three times (7000 g, 10 min) and the final precipitate was
air-dried at 80°C for 24 h.
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2D-3D scaffold nanostructure
The Ce-CP (300 mg) was added to 4 mL of triethanolamine (TEA) and mixed using a magnetic
stirrer (100 rpm, 10 min) at room temperature. The mixture was then heated to 450°C with
heating rate of 6°C/min and dwelling time of 3 h. The resultant powder was then cooled and
collected for further characterization.

Solid octahedral nanostructure
The Ce-CP (400 mg) was added to 10 mL of dimethyl sulfoxide (DMSO) at room temperature
under gentle stirring for 10 min. The solution was then allowed to slowly recrystallize at room
temperature to obtain octahedral morphology of a Ce-CP. The resultant Ce-CP nanostructure
was subsequently aged in an aqueous solution of NaOH (3 M) for 30 min to transform to CeO2x.

The final dispersion was then washed with DI water via three cycles of centrifugation (5000

g, 10 min) followed by air-drying at 80°C for 24 h.

Honeycomb scaffold nanostructure
The Ce-CP (40 mg) was added to 100 mL of dimethyl sulfoxide (DMSO) under gentle stirring
continued for 10 min at room temperature. The solution was kept at low temperature of 0°C
for 2 h to form honeycomb scaffolds at the liquid-air interface. The resultant scaffolds were
then collected by touch-printing on a clean glass substrate. The obtained honeycomb scaffold
was then heated to 350°C and maintained for 2 h to transform to CeO2-x nanostructure.

2.2.3

Synthesis of TMO-decorated CeO2-x Heterojunction Nanostructu

Transition metal-decorated CeO2-x
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The Ce-CP nanosheets were prepared first by adding 24 mg of Ce-CP powder to 15 mL of DI
water followed by increasing the pH to 8 and stirring (100 rpm) at room temperature for 30
min. Then, in order to fabricate 1) Fe2O3-decorated CeO2-x, 2) NiO-decorated CeO2-x, and 3)
ZnO-decorated CeO2-x: 5 mL each of 1) iron (II) chloride (FeCl2) aqueous solution (0.3 mM),
2) nickel (III) nitrate (Ni(NO3)2·6H2O) aqueous solution (0.3 mM), and 3) zinc (II) nitrate
(Zn(NO3)2·6H2O) aqueous solution (0.3 mM), respectively, were added to the acidic Ce-CP
nanosheet solution (pH = 6), followed by addition of 2 mL of NaOH (1 M) under gentle stirring,
which was continued for 30 min. The resultant turbid mixture was washed with DI water
(10000 g, 40 min) and heated at 200°C for 24 h.

MnO/CeO2-x heterojunction nanostructures
The Ce-CP (300 mg) was added to 4 mL of triethanolamine (TEA), following by addition of
10 mM Mn(NO3)2·4H2O. Then the whole suspension mixed using a magnetic stirrer (100 rpm,
10 min) at room temperature. The mixture was then heated to 450°C with heating rate of
6°C/min and dwelling time of 3 h. The resultant powder was then cooled and collected for
further characterization.

CuO/CeO2-x heterojunction nanostructures
The Ce-CP (300 mg) was added to 4 mL of triethanolamine (TEA), following by addition of
10 mM Cu(NO3)2·xH2O. Then the whole suspension mixed using a magnetic stirrer (100 rpm,
10 min) at room temperature. The mixture was then heated to 450°C with heating rate of
6°C/min and dwelling time of 3 h. The resultant powder was then cooled and collected for
further characterization.
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2.3

Syntheses of Zr- and Ti- based Nanostructures
2.3.1

Synthesis of Zr- and Ti-based Coordination Polymers

Synthesis of Ti-CP
Ti-CP was prepared by injecting an ice-cold solution of TiCl4 (27.41 μL, 0.25 mmol) into a
mixture of DMF (4 mL) and formic acid (7.5 mL) followed by heating at 100°C for 16 h. The
as-synthesized powder was subsequently washed with DMF and acetone via three cycles of
centrifugation (5000 g, 20 min) and the obtained Ti-CP powder was dried at 60°C for 24 h
under vacuum.

Synthesis of Zr-CP
In an identical synthesis procedure to Ti-CP, Zr-CP was synthesized following the protocol
reported in the literature [3]. In a typical procedure, ZrCl4 (58 mg, 0.25 mmol) was added to a
mixture of dimethylformamide (DMF; 4 mL) and formic acid (7.5 mL) followed by sonication
at room temperature for 10 min. The obtained clear solution was then transferred into a Teflonlined stainless-steel vessel and was heated at 100°C for 16 h.

After cooling to room

temperature, the resultant white powder was washed three times with DMF (5000 g, 20 min)
and then solvent-exchanged with acetone. The final product was dried at 60°C for 24 h under
vacuum to remove the solvent.

2.3.2

Synthesis of ZrO2 and TiO2 Holey Nanosheets

TiO2 nanosheets
TiO2 nanosheets were prepared by adding 10 mg of Ti-CP powder into 5 mL of DI water
followed by stirring (500 rpm) at room temperature for 3 h. Then, 5 mL of NaOH (0.1 M)
solution was added to the mixture and the stirring was continued at room temperature for 2 h.
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The obtained turbid mixture was washed three times with DI water (10000 g, 20 min) and the
resulting nanosheets were dried at 60°C for 24 h.

ZrO2 nanosheets
ZrO2 nanosheets were prepared by adding 10 mg of the Zr-CP powder into 5 mL of DI water
followed by stirring (500 rpm) at room temperature for 3 h. Then, 5 mL of NaOH (0.1 M)
solution was added to the mixture and the stirring was continued at room temperature for 2 h.
The obtained turbid mixture was washed three times with DI water (10000 g, 20 min) and the
resulting nanosheets were dried at 60°C for 24 h.
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2.4

Characterisation
2.4.1

X-Ray Diffraction (XRD)

Mineralogical data for the nanostructures were obtained using a Philips X’Pert Multipurpose
X-ray diffractometer (Almelo, Netherlands) with CuKα radiation, 40 kV, 20 mA, scan range
20°-80° 2θ, step size 0.02° 2θ, and scan speed 5.5° 2θ/min. The peaks were analysed using
X’Pert High Score Plus software (Malvern, UK).

2.4.2

Neutron Diffraction

Neutron diffraction patterns for structural analysis were collected using the high-intensity
powder diffractometer Wombat, installed on the Open Pool Australian Light-Water (OPAL)
reactor at the ANSTO. Two datasets with 1.63 Å and 2.41 Å were collected using a
CaAlNaF3 standard sample.

2.4.3

Laser Raman Microspectroscopy

Raman data were collected using a Renishaw inVia confocal Raman microscope
(Gloucestershire, UK) equipped with a helium-neon green laser (514 nm) and diffraction
grating of 1800 grooves/mm. All Raman data were recorded for the range 100-3200 cm-1
(with resolution 1 cm-1), laser power 35 mW, and spot size ~1.5 μm. The data analyses were
performed using Renishaw WiRE 4.4 software and the spectra were calibrated against the
silicon peak at ~520 cm−1.

2.4.4

Fourier Transform Infrared Spectroscopy (FTIR)

Attenuation total reflectance FTIR (ATR-FTIR; Spotlight 400 FTIR, PerkinElmer
(Waltham, MA, USA) in the wavelength range 400-4000 cm−1 was used to determine the
chemical species present in the Ce-CP.
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2.4.5

Transmission Electron Microscopy (TEM)

Ultrathin films
Electron micrographs of the thin film nanostructure were obtained by high-resolution
transmission electron microscopy (HRTEM; Philips CM 200, Eindhoven, the Netherlands)
and field emission gun scanning/transmission electron microscopy (FEG-S/TEM; JEOL JEMF200 Multi-Purpose FEG-S/TEM, Peabody, Tokyo, Japan). The data were analysed using
Thermo Scientific Avantage software. Dual beam focused ion milling (FEI xT Nova NanoLab
200, Hillsboro, OR) was used to prepare specimens for TEM imaging analyses. Mechanical
polishing in combination with precision ion polishing method (PIPS; Gatan PIPS II Model
695, Pleasanton, CA, USA) were used for sample preparation for TEM, EELS, and HAADF
analyses.

Elemental mapping was carried out with TEM machine (Philips CM200,

Eindhoven, Netherlands) equipped with the EDS.

Nanoparticles
Dry powder of the specimens was suspended in water and drop-cast onto a Cu grid with a
lacey carbon support, followed by air-drying at room temperature. The prepared samples
were used for transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
imaging analyses. The corresponding images were obtained using a Philips CM 200 TEM
(Eindhoven, the Netherlands).
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2.4.6

Scanning Tunnelling Transmission Electron Microscopy (STEM)

STEM was obtained using a Philips CM 200 TEM with the spectrum imaging mode with
sub-pixel scanning. This procedure ensured that at all the times during the acquisition, the
beam was moving and the local fluence was minimised.

2.4.7

High Angle Annular Dark Field (HAADF)

The HAADF images were carried out by a JEOL JEM-ARM200F TEM (Tokyo, Japan).

2.4.8

Electron Energy Loss Spectroscopy (EELS)

EELS analyses were done using a JEOL JEM-ARM200F TEM (Tokyo, Japan).

The

instrument was operated at an accelerating voltage of 200 kV. The beam fluxes were reduced
to very low values of ~15 pA in order to minimise beam damage effects. Also, in order to
avoid beam damage of the sample during EELS measurement, the sample was cooled to
liquid nitrogen temperature.

2.4.9

Scanning Electron Microscopy (SEM)

Scanning electron microscopy images were obtained by SEM (FEI Nova NanoSEM; secondary
electron emission; accelerating voltage 5 kV, Hillsboro, OR, USA).

2.4.10

Energy Dispersive Spectroscopy (EDS)

EDS analyses of the nanostructures were obtained using SEM FEI Nova NanoSEM; secondary
electron emission; accelerating voltage 5 kV, Hillsboro, OR, USA) in two modes of mapping
and linear scanning of 3-5 min. The data were analysed by Advanced Mineral Identification
and Characterization System (AMICS) software.
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2.4.11

Atomic Force Microscopy (AFM)

The thickness measurements were assessed by atomic force microscopy (AFM; Bruker
Dimension Icon SPM, tapping mode, nominal tip radius 7 nm). The ScanAsyst-Air probe was
installed onto the AFM holder and used for all the measurements. The scan size was set to 30
μm with an aspect ratio of 4. The pixel resolution was to 512 samples/line for all scans. The
scan rate was around 0.195 Hz; the slow scan rate is used to make sure the measurement is
accurate. The peak force was minimized to avoid sample deformation and the feedback gain
settings were optimized accordingly. The thicknesses of the thin films were determined using
height profile with line scanning.

2.4.12

Kelvin Probe Force Microscopy (KPFM)

Amplitude modulated KPFM (AM-KPFM) measurement were performed using the Bruker
Dimension ICON SPM with a Nanoscope V controller. A platinum-iridium coated AFM tip
(SCM-PIT-V2, Bruker AFM probes) was used to scan the surface. The probe was firstly
installed on a cantilever holder and the laser was aligned onto the back of the cantilever. Then
the probe was tuned near its resonance frequency with a small offset to the right hand side of
the resonance curve (typically for normal tapping mode image, it is tuned to the left side of the
resonance curve, which makes the interaction force on the surface slightly repulsive. However,
it was found for KPFM measurements, the offset to the right-hand side provided better results
in selected specimens). The oscillation amplitude was kept around 30 to 40 nm, depending on
the specimen. The amplitude setpoint and gains were adjusted accordingly for each specimen.
The scan rate was around 0.3 to 0.4 Hz with a scan size of 10 µms and 512 samples per line as
the resolution. The scan setting included: Amplitude setpoint = 172 mV, gains = 1.1, scan rate
= 0.326 Hz. Further, the operating parameters were as follows: The lift height was fixed at 50
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nm for the specimens to avoid any influence from surface topography (sometimes a smaller lift
height of 30 nm is used when scanning smaller areas).

The drive2 amplitude of the AC bias applied to the tip during the lift pass was set to 500 mV
with a 170° phase angle. Also, for calibration tests, which were done before and after
measuring the specimen, the same AFM tip was also measured against a freshly cleaved HOPG
sample and/or a pre-calibrated TiO2 on a silicon reference sample. This calibration was
important to determine the work function of the platinum tip, which can vary significantly from
tip to tip. In addition, the pristine surface of the Si wafer was retained by placing it under the
KPFM vacuum (100 mbar) immediately upon removal from the sealed container. KPFM
testing and this vacuum was retained during testing.

2.4.13

Surface Area

The specific surface areas of the materials were determined by N2 physisorption BrunauerEmmett-Teller (BET) method using a Micromeritics Tristar-3000 (Norcross, GA, USA). For
each test, 50 mg of the materials were inserted to a glass tube using rod and heated at 150°C
for 3 h before the analysis.

2.4.14

X-Ray Photoelectron Spectroscopy (XPS)

Surface analysis of the samples was carried out using a Thermo Fisher Scientific ESCALAB
250Xi spectrometer (Loughborough, Leicestershire, UK) equipped with a monochromatic Al
Kα source (1486.6 eV) hemispherical analyzer. The XPS samples were prepared by dropcasting an aqueous suspension of the nanostructure on the substrates followed by air-drying at
room temperature. The pressure in the analysis chamber was maintained < 8-10 mbar during
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the acquisition of the XPS data. All binding energies are referenced to the C1s signal corrected
to 285 eV and the spectra were fitted using a convolution of Lorentzian and Gaussian profiles.

2.4.15

Electron Paramagnetic Resonance (EPR)

EPR was done by Bruker EMX X-band EPR spectrometer. The value of g factor is
determined via hʋ= gβB, Where h is Plank’s constant, ʋ is the experiment frequency, β is
Bohr Magneton and B is the applied magnetic field.
2.4.16

Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS)

Time-of-Flight Secondary Ion Mass Spectrometer (TOF-SIMS) analysis was carried out by
using ION-TOF GmbH, (Munster, Germany) to confirm the thickness measurement. Finally,
spectroscopy was done using spectrum imaging mode with sub-pixel scanning operative. This
ensured that at all times during the acquisition, the beam was moving, and the local flounce
was minimised.
2.4.17

Thermogravimetric Analysis (TGA)

The decompositions of the Ce-CPs were assessed by using thermogravimetric analysis (TGA;
TA Instruments, Q5000, 20°−1000°C, 10°C/min heating rate) at different atmospheres of
nitrogen and air.
2.4.18

Photoluminescence Spectrophotometry (PL)

Photoluminescence spectroscopy (PL) was done using an RF-5301PC spectroflurophotometer
(Shimadzu, Kyoto, Japan).

2.4.19

Ultraviolet-Visible (UV-Vis) Spectrophotometry

For UV-Vis spectroscopy, UV−Visible spectrometer (UV−Vis, PerkinElmer Lambda 35,
aperture 20 mm × 10 mm was used.
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2.4.20

Zeta Potential

The zeta potential also was determined using Zetasizer Nano ZS (Malvern Instruments, 4 mW
He−Ne laser, 633 nm). For this work, the CeO2-x and heterojunction nanostructures were
suspended in 3 mL of deionized water at a concentration of 20 μg/mL using 10 mL individual
glass tubes. The suspensions were sonicated for 2 min prior to running the measurement.

2.4.21

Electrochemical Measurements

The electrochemical performance of the ultrathin films was studied using a three-electrode
system by cyclic voltammetry as a component of an electrochemical station (Ezstat Pro,
Indiana, USA). The system included an Ag/AgCl electrode as reference electrode (Basi Inc.,
Indiana, USA), Pt wire as described previously as counter electrode (Basi Inc., Indiana, USA),
and CeO2-x film on FTO substrate as working electrode in 1 M NaCl aqueous electrolyte, pH
adjusted to 7 by 1 M NaOH solution. Cyclic voltammetry was measured using a negative
potential window ranging from –1.0-0.2 V vs. Ag/AgCl electrode at room temperature for scan
rates in the range 5-500 mV s-1.

In order to confirm that the total capacitances obtained can be attributed to the ultrathin CeO2x

films, the volumetric capacitance of bare FTO was determined to be insignificant (≤5 x 10-8

% of that of the CeO2-x capacitance).
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2.5

DFT Calculations and Chemical Simulations
2.5.1

Thin Films

The PBEsol functional [4] as implemented in the VASP software package [5] was used. A
“Hubbard-U” scheme [6], with U = 3 eV, was employed for superior treatment of the localised
Ce 4f electronic orbitals (the adopted PBEsol+U setup was confirmed to reproduce the
experimental lattice parameter and band gap of bulk CeO2 as closely as possible). The
“projector augmented wave” method was used to represent the ionic cores [7] by considering
the following electrons to be valence: Ce: 5s, 5p, 6s, 5d, and 4f; O: 2s, 2p. The wave functions
were represented on a plane-wave basis truncated at 650 eV. For integrations within the
Brillouin zone, Monkhorst-Pack k-point grids[8] with density equivalent to that of 16 x 16 x
16 over the fluorite unit cell were used. Geometry relaxations were done using a conjugate
gradient algorithm that accommodated cell volume and cell shape variations; the geometry
relaxations were halted once the forces on the atoms fell below 0.01 eV Å1-. These technical
parameters yielded zero-temperature energies that converged to within 0.5 meV per formula
unit. In order to estimate accurate energy band gaps, the hybrid HSE06 exchange-correlation
functional was used. The spin-polarized density functional theory calculations were performed
on a supercell containing 24 atoms for the stoichiometric system. The non-stoichiometric
geometries were generated by successively removing oxygen atoms from that simulation box.

2.5.2

Fe2O3-, NiO-, and ZnO-decorated Holey CeO2-x Nanosheets

First-principles calculations based on density functional theory (DFT) [9] are performed to
simulate and analyse the band structure differences between CeO2 nanosheets, the
corresponding bulk system, and 0D/2D heterostructures. A “Hubbard-U” scheme [6] with U
= 3 eV is employed for a better treatment of the localized Ce 4f, Fe 3d, Ni 3d, and Zn 3d
electronic orbitals. Also the “projector augmented wave” method was used to represent the
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ionic cores [7] by considering the following electrons as valence: Ce 4f, 5d, 6s, and 4d; Fe 3d
and 4s; Ni 3d and 4s; Zn 3d and 4s; and O 2s and 2p. Wave functions are represented in a
plane-wave basis truncated at 650 eV. For integrations within the Brillouin zone, MonkhorstPack k-point grids with a density equivalent to that of 16 x 16 x 16 in the fluorite CeO2 unit
cell was applied. Geometry relaxations are performed with a conjugate-gradient algorithm that
allows for simulation cell shape and volume variations. The relaxations are halted when the
forces in the atoms fall all below 0.01 eV·Å-1. By using these technical parameters, zerotemperature energies that are converged to within 0.5 meV per formula unit were obtained. In
order to estimate accurate electronic densities of states and band gaps, The hybrid HSE06
exchange-correlation functional [10] was employed to perform single-point calculations on the
equilibrium geometries determined at the PBEsol + U level. CeO2 nanosheets were simulated
as two-unit cells thick CeO2 slabs oriented along the {111} direction. The pristine surface of
such slab systems is non-polar which is convenient from a simulation point of view.
Determination of the energetically most favourable transition metal adsorption sites was
performed by analysing all possible positions on the surface of the nanosheet. For all the
considered species, it was found that the preferred transition metal adsorption site was on top
of the circumcentre of the triangle formed by three neighbouring oxygen atoms in the surface
of the nanosheet. Transtion metal adsorption energies were calculated with the formula Eads
= ETM@2DCO – E2DCO – ETM, where the different terms represent the zero-temperature
energy of the TM@2DCO heterostructure, CeO2 nanosheet (2DCO), and isolated transition
metal ion (TM). The amount of charge transferred from the transition metal ions to the CeO2
nanosheet upon adsorption was calculated by performing the Barder analysis [11]. The content
of transition metal ions in the DFT simulations was of 6% as referred to the number of Ce
atoms.
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2.5.3

Ab Initio Molecular Dynamics

Density functional calculations were performed based on augmented plane wave
pseudopotentials [12] with Perdew-Burke-Ernzerhof functional [13, 14] as implemented in the
VASP code [15]. For the electronic setting, a fine Monkhorst-Pack k-point grid with a spacing
of 0.05 Å−1 and an energy cut-off of 520 eV were used. To find the ground state configuration,
a quenching ab initio molecular dynamics simulations, based on a micro-canonical ensemble
with a target temperature of 20 K with steps of 0.1 fs for 10 ps, was run. Full geometry
optimization was then carried out on the equilibrated structure, with convergence criteria for
the energy and forces of 10−6 eV and 10−2 eV/Å, respectively. The final geometry optimization
run was conducted with Van der Waals correction (vdw-DFT) based on Michaelides’s
approach [16, 17].

2.5.4

Aqueous Chemistry Simulations

Medusa and HSC software
Thermodynamic analyses were done using MEDUSA, the associated database HYDRA
(Hydrochemical Equilibrium Constant Database), and HSC software. For most species, the
Gibbs free energies in the HYDRA database were substituted by more recent values from
Hayes et al. [18], Chirkst et al. [18, 19], Channei et al. [20], and Lange’s Chemistry Handbook
[21]. The calculations were done according to standard-state conditions of T (temperature) =
298 K and P (pressure) = 1 atm. The initial concentration of both Ce(NO3)3•6H2O and
Ca(CH3COOH)2 was selected to be 0.05 M according to the experimental conditions.

Computational methodology for calculation of Ce(OH)4 Gibbs free energy
All geometry optimizations and vibrational analyses were performed with the Gaussian03
code[22] for a Ce(OH)4 cluster to determine proximity of energies compared to the linear free
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energy relationship approach. For consistency, optimised structures and force fields were
calculated at the CAM-B3LYP level of theory[23] with a Pople-style 6-31+g* basis set [2426] for O-H species whilst for Ce, relativistic MWB ECPs (MWB48) were employed [27]. To
overcome challenge of convergence, the extremely efficient quadratically convergent (QC)
SCF procedure[28] was applied. All solution phase vibrational data were calculated from
solution phase optimized structures using gas-phase geometries as a starting point
incorporating the SCRF continuum solvation method [29]. The default dielectric constant for
water, ε = 78.39, was used for all calculations. All energies include zero-point energy and an
enthalpy correction (from 0 to 298.15 K). Calculated and experimental thermal energies were
obtained from the work of Pourbaix [30] whereas free energies for O-H species and Ce species
at 298 K were extracted from JANEF tables [31] and that of the reference of Lange's Handbook
of Chemistry [32].

2.6

Catalytic Tests
2.6.1

Photocatalytic Tests

The photocatalytic activity of the nanostructures was evaluated for degradation of methylene
blue (MB, M9140, dye content ≥82 wt%, Sigma-Aldrich) in aqueous solution under solar
irradiation [33-37]. In the presence of the nanosheets, the gradual decrease in the intensity of
MB absorbance peak at 664 nm was recorded by using a UV−Visible spectrometer (UV−Vis,
PerkinElmer Lambda 35, aperture 20 mm × 10 mm). The concentration of the nanosheet
samples was set to 0.5 mg/mL in 50 mL of MB solution with a concentration of 1 × 10-5 M.
The suspension was illuminated by 100 mW/cm2 irradiance power under simulated 1 sun AM
1.5 light, for 0-120 min at 20 min intervals. Before irradiation, the suspensions were stirred
with the nanosheets for 20 min in dark condition to eliminate the role of adsorption desorptionequilibrium between the dyes and the surface of nanosheets during light irradiation. The optical
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absorption was measured within the range of 400-800 nm after isolating the CeO2-x and
heterojunction nanostructures (10000 g, 10 min) from the solution. The high photocatalytic
stability of the heterojunction nanostructure was tested using the same samples for repeating
the photodegradation tests.
2.6.2

CO-Oxidation

Chapter 5
CO oxidation catalytic activity was evaluated using a fixed-bed quartz tubular microreactor
(i.d. = 6.0 mm) at atmospheric pressure. 50 mg catalyst was first pre-treated in pure oxygen
(30 mL/min) at 300°C for 2 h and then in pure nitrogen (30 mL/min) until cooling to RT.
Afterwards, the reactant gas mixture, consisting of 5 vol% CO + 30 vol% O2 + 65 vol% N2,
was introduced to the reactor at a total flow of 40 mL/min, giving a gas hourly space velocity
of ca. 48,000 mL (g.h)−1. The concentrations of the reactants and products in the reactor
effluent were monitored on-line by a gas chromatograph (Young Lin 6500) equipped with a
TCD and a Carboxen-1010 PLOT column. The catalytic activities of the samples were
assessed by the temperatures T10%, T50% and T90% corresponding to 10%, 50% and 90% CO
conversions, respectively. CO oxidation was quantitatively determined using (cinlet−coutlet)/cinlet
× 100%, where cinlet and coutlet are the CO concentrations in the inlet and outlet feed streams,
respectively.

Chapter 6
A fixed-bed quartz micro-reactor (i.d. = 6.0 mm) was used to evaluate the catalytic activity of
the samples towards the CO oxidation reaction. 50 mg of the catalyst sample was placed on a
bed of quartz wool in the reactor and the system purged with N2 gas for 20 min. The reactant
gas, comprising CO (10 sccm) and O2 (25 sccm) in N2 (100 sccm), was then introduced at an
initial temperature of 30°C without any catalyst pre-treatment (space velocity of 162,000

77

mL/(g-1.h-1)). The temperature was increased incrementally to 150°C with the step size
dependant on the point in the light-off curve. The composition of the exiting gases was
evaluated with a Young Lin-6100 gas chromatograph equipped with a thermal conductivity
detector (TCD) and a Carboxen-1010 PLOT column.
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Chapter 3. Proton-Assisted Creation of Controllable Volumetric Oxygen
Vacancy in Ultrathin CeO2-x for Energy Storage Applications

Note: The data in the present chapter is published in Nature Communications, where the author of the
present thesis is the main contributor and corresponding author (Sajjad S. Mofarah, Esmaeil
Adabifiroozjaei, Yin Yao, Pramod Koshy, Richard Webster, Xinhong Liu, Rasoul Khayyam Nekouei,
Sean Lim, Claudio Cazorla, Zhao Liu, Yu Wang, Nicholas Lambropoulos, and Charles C. Sorrell).
"Proton-Assisted Creation of Controllable Volumetric

••

in Ultrathin CeO2-x for Pseudocapacitive

Energy Storage Applications”, Nature Communications, 10 2019, 2594.

3.1

Overview

Increasing demands for energy-efficient portable electronic devices of minimal size have led
to the development of two-dimensional (2D) electrochemical pseudocapacitors (EPCs) [1-4].
Fabrication of 2D EPC materials of adequate transparency and electrical conductivity can
extend their potential applications to optoelectronic devices, such as touch screens and solar
cells [5, 6]. Generally, the two-dimensionality of the structures provides ultrafast electron
transferability across the films and high charge carrier accessibility to the active sites, resulting
in desirable energy and power densities. Among the different types of energy storage devices,
metal oxide (MO) pseudocapacitors have shown superiority owing to their greater energy
densities and higher power densities compared to those of electrical double-layer capacitors
(EDLCs) and batteries, respectively [7]. However, conventional synthesis methods, which
involve assembly of 2D MO nanosheets, lead to tight stacking of the sheets in the film, thereby
hindering charge carrier diffusion through the interlayer spaces, impacting negatively on
performance [8-10]. As an alternative, MOs with intercalation pseudocapacitive behaviour
(e.g., RuO2 and Nb2O5) can be used since charge/discharge occurs not only at the
electrode/electrolyte interface but also within the bulk of the 2D films [11-13]. Nonetheless,
high costs and toxicity in the case of RuO2 and poor electron transfer rates in the case of Nb2O5
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limit their applicability [14-16]. Further, limitations in achieving reproducible film thicknesses
have resulted in inconsistent performance. To the best of our knowledge, intercalation
pseudocapacitance has not been observed to date in CeO2, although very high specific
capacitances of this material have been reported previously [17, 18], indicating its potential for
energy storage applications.

The present chapter reports a novel cyclic electrodeposition method to synthesize ultrathin
films of CeO2-x (~9-70 nm) comprised of ultrafine crystallites (3-8 nm). These films exhibit
high oxygen vacancy concentrations ([

••

]) of ~4-15 at% and intercrystallite H2O, where the

former enhance the electron conduction and the latter promotes the proton conduction. These
CeO2-x ultrathin films demonstrate proton insertion/disinsertion pseudocapacitive behaviour.
They exhibit outstanding volumetric capacitance of 1873 F cm-3, which considerably exceeds
the highest value yet reported (1160 F cm-3 for ultrathin MnO2/Au) [19]. This work reports a
simplified, scalable, and controllable method that can be extended to the fabrication of other
MO thin films that are being used increasingly for electronic, energy storage, and
photoelectrochemical applications.

3.2

Results and Discussion

In order to control over the electrodeposition of CeO2, a comprehensive thermodynamic and
electrochemical characterisation has been done, as discussed below:

Thermodynamic study of Ce(III) in Ce3+-Ce4+-CH3COOH-H2O system
The thermodynamic behaviour of aqueous Ce(III) and Ce(IV) species was studied in Ce3+CH3COOH-H2O, Ce4+-CH3COOH-H2O, and Ce3+-Ce4+-CH3COOH-H2O systems; the data are
given in Figure 3.1. The initial concentrations of both Ce(NO3)3•6H2O and Ca(CH3COOH)2
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were selected to be 0.05 M according to the experimental conditions. The associated speciation
diagrams, which plot the concentrations of soluble species as a function of pH are shown in
Figure 3.1(a-c) and the Pourbaix diagram mapping the predominant species, is shown in Figure
3.1(d). Precipitated Ce(OH)3(pt), which forms at pH 7.8, has been omitted for simplification of
the analysis. Speciation and Pourbaix diagrams that include Ce(OH)3(pt) have been published
elsewhere [20]. In Figure 3.1(a), Ce3+ is the predominant Ce species at pH <4.6 owing to the
intrinsic high dissociation constant of CH3COOH, which causes its concentration to decrease
slowly and so release gradually the conjugate base of CH3COO– below the given pH. This
predominance competes with the rapid deprotonation of CH3COOH at higher pH values, which
establishes Ce(CH3COO)2+ as the predominant Ce species up to pH ~9.1. At greater pH values,
the increasing influence of the field strength of Ce3+ results in the sequential predominance of
Ce OH

and then aqueous Ce(OH)3(aq). Figure 3.1(b) shows the predominant species of

aqueous Ce(IV), the high field strength of which favours hydroxylation rather than forming a
conjugate pair with CH3COO–. Figure 3.1(c) shows that the hydroxylation is limited to pH <
~1.5, above which the precipitation of Ce(OH)4(pt) suppresses the presence of aqueous
Ce(OH)4(aq). In the Pourbaix diagram of Figure 3.1(d), the solid black lines delineate the
predominance regions for the Ce species. The central light region enclosed by two dashed lines
defines the conditions of reduction potential (E0 vs. HSE electrode) and pH, where water is
stable, and no oxygen or hydrogen evolution occurs. At theoretical pH < 3.7, the formation of
Ce(IV) species is suppressed by water oxidation, where oxygen bubbling on the substrate
impedes the direct oxidation of Ce3+ cations. At higher pH, the potential required for Ce(III)
oxidation is within the water stability region.

Thermodynamic studies of Ce in aqueous solution have been reported previously [21-23]. In
these, the Gibbs free energy of formation (ΔG ) for Ce(OH)4(aq) was considered to be the
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product of the oxidation of Ce(III) species. Further, the effect of ionic concentration and
strength in the calculations of the theoretical redox potentials were not considered, which have
led to misconceptions concerning the electrochemical characteristics of cerium in aqueous
solutions. Factoring these considerations into the present experimental work demonstrates that
the oxidation of Ce(III) species causes the precipitation of Ce(OH)4(pt). Since these species have
received little attention, the only calculated data reported [24] have been confirmed by DFT
simulation of the ΔG (the methodology is given below).

The Pourbaix diagram also differentiates between what are effectively the stability regions for
Ce(OH)4(aq) (area for pH>2.8, which is enclosed with solid (predominance) and dotted (water
stability) black lines and Ce(OH)4(pt) (red); the relationship between these and CeO2•2H2O will
be discussed subsequently.
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Figure 3.1: Speciation diagrams for relevant systems. (a) Ce3+-CH3COOH-H2O, (b) Ce4+-CH3COOHH2O without Ce(OH)4 precipitate, (c) Ce4+-CH3COOH-H2O with Ce(OH)4 precipitate systems, and (d)
Pourbaix diagram of Ce3+-Ce4+-CH3COOH-H2O (for simplification, Ce(OH)3(pt) is omitted).
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Since the Pourbaix diagram presents only the stability regions of predominant species,
extensive thermodynamic calculations were conducted in order to obtain theoretical redox
potentials for all possible Ce(III) species. The corresponding data are plotted against pH values
as shown in Figure 3.2.

Figure 3.2: Potential variations for redox reactions of Ce-CH3COO-H2O system: Corresponds to
aqueous (aq) and precipitate (pt) Ce(III) species.

CV analysis of Ce(III)/Ce(IV) species in Ce3+-Ce4+-CH3COOH-H2O system
The electrochemical behaviour of the Ce(III) ↔ Ce(IV) redox reactions was studied using CV
for the Ce3+-Ce4+-CH3COOH-H2O system at various scan rates (ʋ) and pH values, as shown in
Figure 3.3. Figure 3.3(a) shows the voltammograms obtained at pH = 3 for ʋ = 20-1000 mVs1

. At slow ʋ = 20 mVs-1, where the electrolyte resistance is minimal, the anodic peak for

oxidation of Ce(III) species occurs at Epa = 1175 mV, while the reverse cathodic peak for
reduction occurs at Epc = 1003 mV. The redox potential (E1/2) was integrated to be +1089 mV,

88

being close to the theoretical potential for the Ce3+ ↔ Ce(OH)4(aq) reaction (E1/2 = +1085 mV
given in Table 3.1). Comparison of the experimental and calculated E1/2 for 3 ≤ pH ≤ 6 are
given in Tables 3.1-4.

Considering the E1/2 at pH = 3, although the Pourbaix diagram of Figure 3.1(d) shows that
Ce(OH)4(pt) is thermodynamically more stable (as reflected by the E) than Ce(OH)4(aq), the
experimental data are contradictory in that Ce(OH)4(aq) forms rather than the precipitate. This
is due to the fact that oxidation of the Ce3+ to Ce4+ involves generation of protons, which
consequently decreases the local pH and make a significant shift of the composition towards
the stability of Ce(OH)4(aq).

The kinetic analysis of the redox reaction at pH = 3 was carried out by measuring the cathodic
(ipc) and anodic peak currents (ipa) of the cyclic voltammograms (Figure 3.3(a)). In order to
determine the controlling mechanisms of redox processes, the relation of ipc and ipa with ʋx (0.5
≤ x ≤ 1) is plotted in Figure 3.3(b). The best linear fit with zero intercept was obtained at x =
0.95 for both oxidation and reduction reactions, confirming that the redox mechanism is
controlled almost by surface confinement and negligible role of ionic species diffusion [25].
For the kinetics of the redox reaction, the peak potentials (ΔEp) were assessed in order to
determine the degree of reversibility of the Ce3+ ↔ Ce(OH)4 reaction. As shown in Figure
3.3(a), raising the ʋ results in successive negative shifts in peak potentials, while the ΔEp values
remain constant at 130 mV. This indicates an independence nature of ΔEp from ʋ.
Although the constant ΔEp value, as a function of ʋ, illustrates high reversibility degree of Ce3+
↔ Ce(OH)4 reaction at acidic pH = 3, according to Bockris theory [26], where ΔEp should be
≤26 mV for a fully reversible reaction, such redox reaction is considered as thermodynamically
irreversible. Figure 3.3(c) shows the voltammograms obtained at pH = 4 for ʋ = 20-1000 mVs1

. The E1/2 = +825 mV is consistent with the theoretical E1/2 corresponding to Ce3+ ↔
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Ce(OH)4(aq) and/or Ce(CH3COO)2+ ↔ Ce(OH)4(aq) (see Table 3.1 and 3.2). Similar to situation
at pH = 3, Ce(OH)4(aq) formation occurs. Increasing the pH from 3 to 4 further decreases
reversibility degree of the redox reactions, as indicated by the increased ΔEp of 152 mV at ʋ =
20 mVs-1. This effect is amplified since ΔEp increased to 196 mV upon increasing the ʋ to
1000 mVs-1. The controlling mechanisms of redox processes were also measured by plotting
the ipc and ipa against ʋx (0.5 ≤ x ≤ 1). The values for ipc and ipa were calculated by measuring
the peak current intensities (nA) of corresponding voltammograms and inserted in Figure 3.3
b,d,f, and h. The best linear fit with zero intercept for the redox reactions at pH = 4 was
obtained at x = 0.9 (Figure 3.3(d)), illustrating that the predominant mechanism is surface
confinement, while its contribution is reduced by 5%, as compared to the pH = 3 case.
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Figure 3.3: Cyclic voltammetry analyses of Ce-CH3COO-H2 system at ʋ = 20-1000 mVs-1 and
different pH: (a) 3 (b) 4, (c) 5, (d) 6. Plot of peak current ( ) as a function of scan rate (ʋ) obtained
from cyclic voltammetry analysis at pH: (e) 3 (g) 4, (g) 5, (h) 6.
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At pH = 5, the voltammograms shown in Figure 3.3(e) reveal a E1/2 of +455 mV at ʋ = 20 mVs1

, which is close to those calculated for Ce3+ ↔ Ce(OH)4(pt) and Ce(CH3COO)2+ ↔ Ce(OH)4(pt).

The increasing ΔEp values reach 340 mV, being greater than that obtained at pH = 4 (152 mV).
As shown in Figure 3.3(f), linear fitting of the peak currents against log ʋx at zero intercept
yields an exponent of x = 0.8, confirming that increasing pH is associated with increasing
contribution from diffusion, although surface confinement still remains dominant.
Consequently, increasing the pH gradually reduces the degree of reversibility, thereby slowing
the kinetics of the redox reaction.

According to the Nernst equation [27], E1/2 values for Ce(III)-involved reactions were
calculated, the plot of which against pH is shown in Figure 3.2. As can be seen, increasing the
pH by 1 unit is expected to decrease the E1/2 by 236 mV. This is responsible for the nature of
cerium redox reaction involving an electron and four protons (ignoring the minor effect of the
species concentration). The experimentally determined E1/2 matches those calculated except at
4 ≤ pH ≤ 5, over which range the decrease was significantly larger. Such contradiction can be
ascribed to two phenomena: 1) variations in the types of Ce(III) species involved in the redox
reactions, which is determined by the speciation diagrams, and 2) shifting the redox reaction
toward the precipitation or re-dissolution of Ce(OH)4(pt).

The nature of the redox reaction as a function of pH is determined by matching the experimental
E1/2 with the calculated values, the plots of which are shown in Figure 3.2. Additionally, the
calculated and experimental E1/2 values for different Ce(IV) species are given in Tables 3.1,
3.2, 3.3, and 3.4, where the pH values varied from 3 to 6.
At pH = 6, the voltammograms shown in Figure 3.3(g) indicates a E1/2 of +210 mV at ʋ = 20
mVs-1, which correspond to either Ce(CH3COO)2+ ↔ Ce(OH)4(pt) and Ce3+ ↔ Ce(OH)4(pt). The

92

continuing retardation of the kinetics is confirmed by increased ΔEp of 615 mV and decreased
exponent of x = 0.75 for oxidation reaction, as shown in Figure 3.3(h). However, the cathodic
reaction shows superior kinetics of reactions, compared to the oxidation, with the exponent of
x = 0.85.

Table 3.1:

Redox potentials (E1/2) for reaction of Ce3+ to form Ce(OH)4 or CeO2·2H2O (green font

for agreement between experimental (red) and calculated (black) values).
Experimental
pH redox potential
(V)

Calculated E1/2
for reaction between
Ce3+ and Ce(OH)4(pt)

Calculated E1/2
for reaction between
Ce3+ and Ce(OH)4(aq)

Calculated E1/2
for reaction between
Ce3+ and CeO2·2H2O

3

+1.089

+0.865

+1.085

+0.355

4

+0.825

+0.629

+0.849

+0.119

5

+0.455

+0.392

+0.612

–0.117

6

+0.210

+0.157

+0.376

–0.354

7

–0.019

–0.080

+0.139

–0.590

Table 3.2:

Redox potentials (E1/2) for reaction of Ce(CH3COO)2+ to form Ce(OH)4 or CeO2•2H2O

(green font for agreement between experimental (red) and calculated (black) values).
Experimental
pH
redox
potential (V)

Calculated E1/2
for reaction between
Ce(CH3COO)2+
and Ce(OH)4(pt)

Calculated E1/2
for reaction between
Ce(CH3COO)2+ and
Ce(OH)4(aq)

Calculated E1/2
for reaction between
Ce(CH3COO)2+ and
CeO2•2H2O

3

+1.089

+0.815

+1.046

–0.314

4

+0.825

+0.615

+0.845

+0.113

5

+0.455

+0.385

+0.615

–0.116

6

+0.210

+0.152

+0.381

–0.350

7

–0.019

–0.085

+0.144

–0.587
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Table 3.3:

Redox potentials (E1/2) for reaction of Ce CH COO

Experimental
pH
redox
potential (V)

to form Ce(OH)4 or CeO2•2H2O.

Calculated E1/2
for reaction between
and
Ce(OH)4(pt)

Calculated E1/2
for reaction between
and
Ce(OH)4(aq)

Calculated E1/2
for reaction between
and
CeO2•2H2O

3

+1.089

+0.552

+0.777

+0.052

4

+0.825

+0.482

+0.707

–0.018

5

+0.455

+0.304

+0.530

–0.195

6

+0.210

+0.072

+0.297

–0.427

7

–0.019

–0.162

+0.062

–0.662

Table 3.4:

Redox potentials (E1/2) for reaction of Ce(CH3COO)3 to form Ce(OH)4 or CeO2•2H2O.

Experimental
pH
redox
potential (V)

Calculated E1/2
for reaction between
Ce(CH3COO)3 and
Ce(OH)4(pt)

Calculated E1/2
for reaction between
Ce(CH3COO)3 and
Ce(OH)4(aq)

Calculated E1/2
for reaction between
Ce(CH3COO)3 and
CeO2·2H2O

3

+1.089

+0.016

+0.204

–0.523

4

+0.825

+0.136

+0.357

–0.370

5

+0.455

+0.055

+0.276

–0.451

6

+0.210

–0.156

+0.064

–0.663

7

–0.019

–0.385

–0.164

–0.892

In summary, the cyclic voltammetry analyses show that, under the present experimental
conditions, the formation of Ce(OH)4(pt) rather than Ce(OH)4(aq) occurs at pH ≥ 5, which allows
the physical deposition of films. More importantly, although all of the ΔEp are significantly
>26 mV and so the the redox reactions are thermodynamically irreversible [26, 27], the redox
reactions can be made reversible through cathodic electrochemical reaction, resulting in
reductive solubility of the as-deposited film to Ce3+ cations.

Structrual and chemical characterisation of CeO2 thin films
As shown from the thermodynamics of the Ce3+-Ce4+-CH3COOH-H2O system, the resultant
data were analysed to understand the electrochemical behaviour of the system and subsequently
to determine the optimal conditions for the electrodeposition of Ce(OH)4, which transforms
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readily to CeO2 in aqueous solutions [28]. By varying the cyclic voltammetry scan rate and
number of cycles, CeO2-x films of different thicknesses and Ce3+ concentrations ([Ce3+]) of
~18-60 at% (equivalent to 4.5-15% of [

••

]) were deposited on fluorine-doped tin oxide (FTO)

glass substrates. Other conductive substrates, including nickel foam, carbon foam, and metals,
could be used as substrates provided they are stable in the working potential range at the
specific pH values of the aqueous solutions. Figure 3.4(a) shows a representative X-ray
diffraction (XRD) pattern of a CeO2-x thin film, in which the peaks for FTO substrate are
predominant. However, the CeO2 peaks correspond to those for fluorite-type CeO2 [29]..
Figure 3.4(b) shows an X-ray photoelectron spectroscopy (XPS) spectrum for the 3d orbital of
Ce. The Ce 3d spectra are composed of two multiplets corresponding to the spin-orbit split for
3d5/2 (at lower binding energy) and 3d3/2 (at higher binding energy). The areas (A) under the
two doublets peaks ~880 and 885 eV indicate the relative amounts of Ce3+ cations in CeO2-x;
the other three doublet peaks correspond to Ce4+. Hence, the amount of Ce3+ is calculated by:

100 = Ce3+ at%

Equation 3.1

Similar calculations can be done using the O 1s spectra, although these must be deconvoluted
to accommodate the contribution from physically adsorbed water. The [Ce3+], which was
calculated from the areas of the Ce3+ doublet peaks (red) at the binding energies of ~800 eV
and ~805 eV, was high at 43.6 at% ([

••

] = 10.9%). These calculations were correlated with

the XPS data for the 1s orbital of the O peaks, as shown in Figure 3.4(c). These were fit using
Gaussian functions at 529.21 eV (peak 1, blue), 531.23 eV (peak 2, red), and 532.96 eV (peak
3, green). Peaks 1 and 2 are for oxygen bound to Ce4+ ( O
respectively, and peak 3 is for adsorbed water molecules ( O
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) and Ce3+ ( O

),

) [29]. Peaks 2 and 3, which

often are not deconvoluted, are closely associated since adsorbed water molecules are known
to occupy oxygen vacancies [30-32] but these are known to be generated by Ce4+ → Ce3+
reduction [32]. The area of the peak for oxygen bound to Ce3+ is 56.0 at% of the total oxygen
concentration ( O ), which is even greater than the equivalent value of 43.6 at% for [Ce3+]. The
difference in values is attributed to the effect of the sensitivity of the XPS beam. For the Ce
3d peak, the penetration depth extends to ~1.0 nm but for the O 1s peak, it extends to ~1.5 nm
[33]. Figure 3.4(d) shows a representative high-angle annular dark-field (HAADF) image,
which reveals a film thickness of ~18 nm and crystallites in the size range 3-8 nm. Two [O]
distributions across (Figure 3.4(e)) and within (Figure 3.4(f)) crystallites were found by energy
dispersive spectroscopy (EDS) line profiles. Sharp decreases at the crystallite interfaces
(Figure 3.4(e)) confirmed increasing [

••

] at these locations, as reported previously [34]. In

contrast, the EDS line profile of [O] along a single crystallite (Figure 3.4(f)) showed much less
variation. The formation of a highly oxygen-deficient CeO2-x structure is confirmed by
analysing the relative change in the Ce3+/Ce4+ ratio using electron energy-loss spectroscopy
(EELS). The corresponding spectra from a crystallite boundary and within the crystallite of
the CeO2-x thin film are shown in Figures 3.4(g) and (h), respectively. These two representative
areas are illustrated in Figure 3.5. According to Hojo et al. [34], the [

••

] can be evaluated

from the ratio of the intensity (height) of the M5 peak (orange) to that of the M4 peak (green),
where the ratio is bounded by the minimal value of ~0.9 for stoichiometric CeO2 (viz., [

••

]=

0%) and the maximal value of ~1.25 for Ce2O3 (viz., CeO2-x with the theoretically maximal
[

••

] = 25%). In this work, the M5/M4 ratios for boxes g and h were determined to be ~1.19

and ~1.1 and hence represent approximate [
[

••

••

] of 20.7% and 14.2%, respectively. The greater

] at the crystallite boundary compared to that in the bulk is consistent with the results of

others [34-38]. However, the high [

••

] at intracrystallite regions and the subnanometre layer-

by-layer deposition (discussed subsequently) reveal that not only
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••

are at the boundaries but

also suggest a homogenous distribution through the film.
relatively high [

••

These data demonstrate that

] are accommodated at both intercrystallite and intracrystallite regions.

Figure 3.4: Characterization of CeO2-x thin films. (a) Representative XRD pattern of a CeO2-x film
deposited at a scan rate of 3000 mV s-1 for 1000 cycles. (b) XPS spectrum for Ce 3d orbital. (c) XPS
spectrum for O 1s orbital. (d) HAADF image of nanostructure (scale bar is for 2 nm). (e) EDS line scan
across crystallite boundaries (left). (f) EDS line scan within crystallite (right). (g) EELS spectrum at
crystallite boundary (point g). (h) EELS spectrum within crystallite (point h).
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Figure 3.5: HAADF image and corresponding EELS spectra: Correspond two representative areas of
g (crystallite boundaries) and h (within crystallite).

Further, the surface morphology of electrodeposited films was studied using scanning electron
microscopy (SEM), as shown in Figure 3.6, where the sequential increase of the CeO2-x film
thickness (left-to-right), as a function of scan rate, is revealed.

Figure 3.6: SEM images of bare FTO substrate and CeO2-x ultrathin films (100 cycles) deposited at
scan rates of 3000, 1000, 300, and 50 mVs-1.
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The dark field TEM and high resolution TEM (HRTEM) images of the CeO2-x thin film are shown in
Figure 3.7(a, b). The former shows the thickness of the film as low as 18 nm, and the latter shows
polycrystalline structure of the film including crystallites with the size in the range 3-6 nm.

Figure 3.7: Polycrystalline CeO2-x film: Corresponding (a) HAADF image, (b) HRTEM image.

Also, EDS elemental mapping of the film is shown in Figure 3.8, where the narrow blue strip
demonstrates the CeO2-x thin film deposited on FTO substrate (pale blue).

Figure 3.8: EDS mapping of CeO2-x ultrathin film deposited at υ = 3000 mVs-1.

Formation mechanism of ultrathin CeO2-x films by CV electrodeposition technique
Firstly, the role of pH on the formation of ultrathin CeO2-x films was studied. To do so, the CV
deposition of CeO2-x for 1-50 cycles at pH 4.0, 5.5, 6.0 were explored; the results are shown in
Figure 3.9. At pH = 4.0 (Figure 3.9(a, b)), both the peak potentials and the voltammogram
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areas remained nearly constant during cycling; the area is indicative of the scale of the electrical
charge associated with the reaction. This constancy indicates that no deposition occurred. The
slight increase in the voltammogram areas (only observed for cathodic reduction) is derived
from the electrochemical reduction of oxygen gas generated from unavoidable water oxidation.
In contrast, at pH = 5.5 (Figure 3.9(c, d)), the voltammogram areas expanded asymmetrically
up to cycle 30, where the area again reflects the charge storage associated with the volume of
the deposition. Such expansion also can be attributed to the deposition of the Ce(IV) species
on the substrate. Further, the ΔEp decreased from 530 mV for cycle 1 to 350 mV for cycle 30,
which is attributed to increased electrical conductivity, after which ΔEp becomes approximately
constant. At pH = 6.0 (Figure 3.9(e, f)), the symmetry of the voltammogram areas remained
unchanged up to cycle 10. Further cycling caused not only an expansion in the voltammogram
areas but also the appearance of a pair of redox peaks at a lower E1/2 of –0.02 V vs. Ag/AgCl.

Figure 3.9: Cyclic voltammetry analyses for Ce3+-Ce4+-CH3COO-H2O system for 1-50 cycles at

=

100 mVs-1 at different pH. (a) 4.0, (c) 5.5, (e) 6.0; corresponding plots in (b), (d), and (f), respectively,
of charge (Q) and overpotential (η) as a function of cycle number.

Additional investigations were carried out by deconvolution of the voltammograms to
characterise the chemical reactions occurring during CV deposition. Figure 3.10 shows the
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voltammograms obtained for cycle numbers 1, 25, and 50 at a scan rate of 300 mV s-1. As
shown in Figure 3.10(a), during the forward scan of the 1st cycle, Ce(OH)4 precipitation occurs
at E = 0.47 V vs. Ag/AgCl (Ox1). This is followed by partial transformation of Ce(OH)4 into
CeO2, which is a non-faradaic reaction and thus has no corresponding peak. The cathodic
reaction for Ce(OH)4 involves reductive dissolution to Ce(III) at E = –0.02 V vs. Ag/AgCl
(Re1) and its return to the electrolyte. The lower peak current density of Re1 relative to that of
Ox1 indicates only partial reduction of Ce(OH)4, since some of this already is transformed to
CeO2. The cathodic reaction for CeO2 involves the generation of Ce3+ and
vs. Ag/AgCl (Re2). As Figure 3.10(b) (25th cycle) shows, the as-formed

••
••

at E = –0.13 V

are annihilated

partially during the forward scan at E = +0.07 V vs. Ag/AgCl (Ox2), so there remains some
residual [

••

Figure 3.10:

] in the film (discussed in next paragraph).

Mechanism of CeO2-x thin film deposition. Voltammograms obtained at a scan rate of

300 mV s-1: (a) 1st cycle, (b) 25th cycle, (c) 50th cycle, (d) Schematic of Ce(OH)4 nanostructure deposited
during forward scanning. (e) Schematic of mixed Ce(OH)4 + CeO2 nanostructure during chemical (nonfaradaic) conversion during forward scanning, (f) Schematic of CeO2-x nanostructure formed during
reverse scanning.

This is confirmed quantitatively by XPS measurements for the films fabricated at the
termination potentials at –0.6 V (end of cathodic reactions) and +0.8 V (end of anodic
reactions), as shown in Figures 3.11 (a, b) and (c, d), respectively. Also, the increasing growth
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of the voltammogram area with cycling can be ascribed to the continuous growth of the film
••

[39, 40]. Interestingly, further formation of

results in the emergence of another pair of

peak potentials (blue) in Figure 3.10(b) at E = –0.3 V vs. Ag/AgCl (Ox3) and E = –0.4 V vs.
Ag/AgCl (Re3), which correspond to proton insertion and exclusion, respectively, from the
rich nanostructure [13, 41, 42]. These data suggest that

••

••

-

plays a critical role as a trapping

site for proton diffusion during charging [43, 44], so increasing the volumetric [

••

] should

enhance proton insertion/disinsertion and consequently increase the proton-related peak
intensities. Thus, expansion in the sum of the peak areas shown in Figure 3.10(c) (at the 50th
cycle) can be ascribed to both the increasing thickness and the volumetric [

••

] of the thin

films. Schematic ofnanostructures corresponding to Ce(OH)4 formation, Ce(OH)4 to CeO2
transformation, and CeO2-x formation are shown in Figures 3.10(d), (e), and (f), respectively.

Figure 3.11. Ce 3d XPS spectra for CeO2-x ultrathin films electrodeposited at ʋ = 3000 mVs-1 with
termination potentials: (a) –0.6 V, (c) +0.8 V; corresponding O 1s spectra in (b) and (d), respectively.

To confirm the accuracy of the chemical reactions identified, theoretical Gibbs free energy required for
each of the corresponding reactions was calculated.
As for the first redox reactions:
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The experimental oxidation of Ce3+ (Ox1) occurs at E = 0.47 V vs Ag/AgCl followed by
reduction (Re1) at E = –0.02 V vs Ag/AgCl, giving the E1/2 a value of +0.22 V vs. Ag/AgCl.
The thermodynamic calculations of the proposed reactions are given in Table 3.5, where the
E1/2 value for (Ox1 – Re1) redox reaction is calculated to be +0.22 vs. Ag/AgCl. This is in good
agreement with the experimental achievements.
Table 3.5: Chemical reactions attributed to Ox

Re

peaks and their corresponding energy

calculations.
/
Ce

1
2
3

Ce OH

e ⇔ Ce

ΔG

168.20

e → Ce

4OH
4H O → 4H
4H → Ce
4H O
Ce OH

Total

/
ΔG

319.60

Log K
∆G

0.02

672.00
14.00
1450.25

Ce
Ce OH
E (pH = 6) = +0.16 V vs Ag/AgCl
E1/2 = +0.22 V vs Ag/AgCl

E

4OH

503.80

1.56

0.24 p OH – 0.06 log

The remaining Ce(OH)4 deposited on the substrate transforms rapidly to CeO2 (as indicated in
the Pourbaix diagram in Figure 3.1(d)). As given in Table 3.6, the reduction of as-prepared
CeO2 occurs at E = –0.13 V vs Ag/AgCl. This is followed by partial oxidation (annihilation of
oxygen vacancies) by the following oxidation reaction (Ox2) occurring at E = +0.07 V vs
Ag/AgCl, matching with the second redox reactions (Ox2 – Re2).
Table 3.6: Chemical reactions attributed to Ox

Re

peaks and their corresponding energy

calculations.
/
1
2

CeO

2 e → CeO
O
H → OH

165.00
157.20

O
E

3

CeO

H

2e → CeO

0.08

OH

0.03 p OH

0.03 pH – 0.03 log

CeO
CeO

E (pH = 6) = – 0.06 V vs Ag/AgCl
E1/2 = – 0.03 V vs Ag/AgCl

Owing to the formation of oxygen vacancies within the bulk of the deposited CeO2-x, the
insertion/disinsertion of protons commences during the reduction (Re3) and oxidation (Ox3)
reactions, as given in Table 3.7. Although these phenomena have not been observed previously
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for CeO2-based materials, they have been reported for a few metal oxides (e.g., WO3 [45, 46],
RuO2 [47, 48], and MnO2 [49]).
Table 3.7: Chemical reactions attributed to Ox

Re

peaks and their corresponding energy

calculations.
/
Ce
Ce

Re3
Ox3

Ce O
Ce

e
O

H → Ce
OH
→ Ce

Ce
O
Ce O

OH
e

H

The charge contributions of each pair of reactions were also calculated using Gaussian fitting
(Table 3.8). It is significant to note that the contribution percentage of Ox

Re decreases

by increasing the cycle number, while the actual values have insignificant decrease over
cycling. Such phenomenon can be ascribed to continuous growth of the ultrathin film over
cycling. Nonetheless, there is significant growth for both Ox

Re and Ox

increase in the cycle numbers. The growth in the peak area of Ox
the total increase in [

••

Re with

Re can be ascribed to

] formed within bulk of the ultrathin film. Consistent with thickening

of the CeO2 film and increasing [

••

], the volume of hydrogen insertion/disinsertion reactions

increase, resulting in having the highest areal contribution in the cyclic voltammogram.

Table 3.8: Charge contributions and area calculations for identified peaks.
Cycle 1
Redox reaction
Shared peak area for
Ox1/Re1 (%)
Shared peak area for
Ox2/Re2 (%)
Shared peak area for
Ox3/Re3 (%)
Total peak area

••

,

29.4 x 10-5 C
(77%)
10.1 x 10-5 C
)
(23%) (only
0 x 10-5 C
(0%)
38 x 10-5 C

Gibbs free energy required for
Typically, the

Cycle 25

&

••

26 x 10-5 C
(25%)
38 x 10-5 C
(37%)
37 x 10-5 C
(38%)
101 x 10-5 C

formation (

Cycle 50
,

,

,

20.9 x 10-5 C
(16%)
44.9 x 10-5 C
(36%)
55.8 x 10-5 C
(48%)
122 x 10-5 C

) during CV deposition of CeO2-x thin film

formation energy is highly positive and can be varied in the range 1.20 - 2.25

eV [27, 50], which is subject to the size and exposed facets. However, integration of protons
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(H+) in an aqueous solution can shift dramatically the required energy toward lower values. In
the present experiments, local protons are provided at the working electrode/electrolyte
interface upon OH- consumption during the formation of Ce(OH)4 (Ox1). Although the
durability of as-synthesised

••

is affected by the Ox2 reaction, during the forward scan, high

OH- consumption by the Ox1 reaction limits the availability of OH- for the Ox2 reaction. Thus,
the annihilation of

••

occurs partially, leaving the remaining

••

in the structure. This is

confirmed by increasing the peak current density for the proton intercalation reaction (Re3) as
a function of cycling. Therefore, both experimental and theoretical evidence confirm a protonassisted oxygen vacancy creation (PAOVC) mechanism, in which a high content of volumetric
••

in the CeO2-x nanostructure can be obtained. There appears to be only one work [51] on

the creation of

••

using PAOVC. In that work, a constant reduction potential was applied to

nanotubes of TiO2 (~40 nm wall thickness), leading to the creation of a high [

••

]. Although

that work followed the same principle as ours, applying an excessively high constant potential
(in non-equilibrium condition) to the samples leads to the production of highly unstable

Therefore, the [

••

••

.

] reduces very quickly (over few hours) in ambient conditions, making such

nanostructures unsuitable for applications where long-term exposure is required. In contrast,
in the present work, there is only a one-step process comprised of cyclic deposition, followed
by PAOVC to yield a high density of volumetric [
(production/annihilation) of

••

••

]. Additionally, due to equilibration

over the cycling, the resultant

••

exhibit great chemical

stability after long-term exposure to aqueous solutions.

The required potential for ΔG

can be determined using the standard potential (E) given in

Table 3.9. Considering the size of crystallites (3-8 nm), the best theoretical ΔG
to be 1.71 eV, which is the averaged ΔG

was found

for surface, sub-surface, and bulk positions of V ••
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[52]. For the E1/2 in Figure 3.9(e) at pH = 6, ΔG

was calculated to be –0.06 eV vs. Ag/AgCl,

which is in good agreement with the experimental value of –0.06 eV vs. Ag/AgCl. According
to the proposed mechanism, the formation of V •• is dependent on the pH of the aqueous
solution, while increasing the pH reduces the required ΔG .
Table 3.9: Individual standard free energies of reaction ΔG , overall standard potential equation
••

(E), and Gibbs free energy of
Equation

formation (ΔG

.

Reaction

No.
CeO

1
2

2 e → CeO
O
H →

O
OH
E

CeO

3

H

2e → CeO

Gibbs Free Energy of

••

OH

+1.71 (~1.20 to ~2.30)
–1.63
0.08 0.03 p OH
CeO
CeO
vs. AgAgCl

0.03 pH – 0.03 log
– .

Formation

Since the formation of OH– in an acidic environment might seem counter-intuitive, further
thermodynamic calculations were conducted. As shown in Table 3.10, oxygen vacancy
formation in a relatively strong acidic environment (e.g., pH ≤ 5.5) rich in hydrogen ions leads
to the local formation of water [51]. In such a condition, the thermodynamic calculations
(Table 3.10) show that the required Gibbs free energies (and corresponding E1/2) for oxygen
vacancy formation shift to values less than –1.26 eV vs. Ag/AgCl for pH ≤ 5.5. Such a high
energy requirement for an aqueous system falls within the hydrogen-evolution region (2H+ +
2e → H2), as confirmed by the Pourbaix diagram [20]. This is consistent with the cyclic
voltammetry results (Figure 3.9(c)), where CeO2 film deposition occurred at pH = 5.5 but there
was no CV peak from

••

formation at values of approximately –0.02 eV vs. Ag/AgCl. Cycling

at higher acidic pH values of 4.5 and 5.0 also showed the absence of an

Table 3.10: Thermodynamic calculation of ΔG
No.
1

••

formation peak.

reaction at different pH (5.0-5.8).

Reaction
CeO

2 e → CeO

O

+1.71 (~1.20 to ~2.30)
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2
3

O
2 H

CeO

2 H → H O
2 e → CeO

–2.45
H O

E

– 0.74

0.06 pH

ΔG
ΔG
ΔG

pH = 4.5
pH = 5
pH = 5.5

Gibbs Free Energy of •• Formation through H2O
Formation

0.06 log

CeO
CeO
– 1.20 eV
– 1.23 eV
– 1.26 eV

In contrast, as shown in Table 3.11, oxygen vacancy formation in a weakly acidic environment
(e.g., pH ≥ 6) less rich in hydrogen ions leads to the formation of OH– ions, thus making the
local environment essentially basic. In the presence of CeO2-x, the amount of H+ in basic
solutions is much lower than acidic solutions, so the extent of reaction between as-produced
O2– with two H+, leading to H2O formation, is reduced significantly. Therefore, the formation
of OH– is favoured over that of H2O [51], as confirmed by the calculations given in Table 3.11.
This is consistent with the cyclic voltammetry results shown in Figure 3.9(e) and 3.10, where
CeO2 film deposition occurred at pH = 6.0 and was followed by the oxygen vacancy formation
peak at E1/2 = ~– 0.03 eV vs. Ag/AgCl. Cycling at less acidic (i.e., more basic) pH values of
6.5 and 7.0 also showed the presence of an oxygen vacancy formation peak. In effect, a
minimal pH of 6.0 is required in order to form an oxygen vacancy at accessible energies of
approximately – 0.1 eV vs. Ag/AgCl, depending on pH of the environment.

Table 3.11: Thermodynamic calculation of ΔG
No.
4
5
6

reaction at different pH (6.0-7.0).

Reaction
CeO
O
CeO

2 e → CeO
O
H → OH
H
2e → CeO
OH

+1.71 (~1.20 to ~2.30)
–1.63
E

Gibbs Free Energy of •• Formation through
OH Formation

pH = 6.0
pH = 6.5

ΔG
ΔG

CeO
CeO
– 0.06 eV
– 0.09 eV

pH = 7.0

ΔG

– 0.12 eV

0.08

0.03 p OH

0.03 pH

0.03 log

Electrochemical performances of thin films
The electrochemical behaviour of the CeO2-x films was investigated in 1 M NaCl aqueous
electrolyte (pH = 7) using a three-electrode configuration system, in which Ag/AgCl, Pt coil,
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and deposited film on FTO were used as reference, counter, and working electrodes,
respectively. Figure 3.12(a) shows typical voltammograms of the CeO2-x films with ~44 at%
Ce3+ (scan rate: 5-500 mV s-1). At a scan rate of 5 mV s-1, an exceptional volumetric
capacitance of 1873 F cm-3 and an areal capacitance of 4.56 mF cm-2 were achieved (the
calculation is given below).
The volumetric and areal capacitances (C) are calculated using the following equation[53]:

C

Equation 3.2

E1 and E2 = Cut-off potentials (V)
= Instantaneous current (A)
=

Total voltametric charge (integrated voltammagram area; C)

A

= Electrode dimensions (length x width; cm2)

V

= Electrode dimensions (length x width x thickness, measured by TEM, AFM; cm3)

ν

= Scan rate (VS-1)

It is significant that the range of potentials for measuring the electrochemical capacitance of
CeO2-x thin films was selected to be -0.2 V to -1.0 V vs. Ag/AgCl. The lower end of the range
was selected because, instead of conventional Na+ or K+ cation charge carriers, the present
work reveals proton intercalation at approximately -1.0 V vs. Ag/AgCl at an electrolyte pH of
7.0. This lower end of the range was selected because it avoided H2 evolution. Although
proton intercalation has been reported previously for layered materials such as hydrous RuO2
[40], the present work is the first to report that CeO2 is capable of storing high amounts of
proton charge carriers, which is a key finding. The high capacitances of the thin films are
attributed to the optimal crystallite sizes (3-8 nm), as shown in Figure C3.1, which are identical
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to the experimental particle size range reported [54] to exhibit the greatest surface Ce/O ratio
and consequent high oxygen storage capacity (3-8 nm).
The rapid kinetics of the charge/discharge reactions were assessed by measuring the
overpotential values, which did not vary significantly in the range 0.05-0.3 V for all of the scan
rates. The rate-controlling mechanism during the charge/discharge is determined by Equation
3.3 [55]:

Equation 3.3

where i is the peak current, a is a constant, ʋ is the scan rate, and the exponent b indicates the
predominant kinetics mechanism. A b value of 0.5 indicates a slow semi-infinite current while
a value of 1 indicates rapid surface-confined capacitive behaviour (i.e., high power density).
The b values were calculated to be 0.86 and 0.80 for the charge and discharge reactions,
respectively, at scan rates of 5-500 mV s-1, demonstrating that the high-power density of the
CeO2-x films originated from unique surface-controlled kinetics. Examination of the b values
for the well-known intercalation pseudocapacitor Nb2O5 [55] (0.80 and 0.70 for the charge and
discharge reactions, respectively, at scan rates ≤50 mV s-1) indicates that the power densities
are comparable.

Additionally, the contribution of different charge/discharge mechanisms (surface:
diffusion:

.

) of the CeO2-x film is considered using Equation 3.4 [56]:

.

Where

; bulk

is the instantaneous current and

intercept ( → ∞ of the

/

.

vs.

.

and

Equation 3.4

are obtained from the slope and ordinate

plot, respectively. Figure 3.12(c) shows that the
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relative contributions of the two mechanisms change at different scan rates, although the
surface capacitive mechanism is dominant at all scan rates (Figure 3.12(c)). Figure 3.12(d)
illustrates the excellent stability of the charge-storage performance, where the capacitance
retention of ~94% after 1000 cycles is achieved. As expected, the efficiency of the film
changes slightly during the first 500 cycles and then it becomes constant. In order to evaluate
the stability of the film, XPS analysis was conducted after 1000 cycles, the results of which
reveal that there is insignificant change in the [Ce3+], as shown in Figure C3.2. In addition,
Figure 3.12(e) compares the volumetric and areal capacitances of the CeO2-x film, as a function
of thickness, in comparison to other films reported in recent publications. These data reveal
that the CeO2-x film exhibits the highest volumetric capacitance and that the value is eight times
greater than that of carbon nanotube-MnO2 hybrid ultrathin films [39].

Figure 3.12. Pseudocapacitance performance of CeO2-x thin films. (a) Cyclic voltammograms
obtained at scan rates in the range 5-500 mV s-1. (b) Capacitive and diffusional contributions to the total
capacitance obtained at a scan rate of 50 mV s-1. (c) Fractions of capacitive and diffusional contributions
at scan rates in the range 5-100 mV s-1. (d) Stability of charge storage performance up to 1000 cycles at
a scan rate of 100 mV s-1 (inset shows voltammograms obtained at cycle numbers 1, 500, and 1000).
(e) Plot of volumetric and areal capacitances vs. thickness obtained in the present work (5 mV s-1)
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compared to data from recently reported works for high-performance materials: ultrathin films of hybrid
RuO2/PEDOT [58], MnO2/graphene hybrid nanostructure [59], MnO2/Au hybrid nanostructure [19], ßNi(OH)2/graphene hybrid nanostructure [60], VOPO4 thin film [61], VS2 thin film [62],
MnO2/multiwall carbon nanotube hybrid structure [39], α-MoO3 [14].

This extraordinary performance can be attributed to the coexistence of (1) effective
••

intracrystallite electron conduction owing to the

in CeO2-x and (2) rapid intercrystallite

proton transfer activated by the adsorbed water molecules (H2O peak in Figure 3.4 (c)). The
latter is supported by the symmetry of the voltammograms, particularly the peak potentials of
redox reactions, revealing unique redox pseudocapacitive behaviour that is characteristic of
redox pseudocapacitors such as hydrous RuO2 [40, 57]. The most commonly cited possible
charge/discharge redox reactions are as follows [58]:
Cathodic charge reaction

Ce

Ce O

Anodic discharge reaction

Ce

Ce

e

H ↔ Ce

O

First-principles calculations of effect of

OH
••

↔ Ce

Ce
Ce O

O

(4.5)

OH
e

(4.6)

H

on thin films

The mechanism of electron conduction has been investigated with spin-polarized density
functional theory (DFT) calculations (for details see Chapter 2.5.1). In accordance with recent
work [59, 60] and DFT calculations [61], the Ce electrons in orbitals 5s, 5p, 6s, 5d, and 4f and
the O electrons in orbitals 2s and 2p were considered to be the valence electrons. First, the most
energetically favourable configurations were determined for

••

. The interactions between

oxygen vacancies were found to be attractive and so they tend to form clusters. According to
DFT calculations, during the transformation from stoichiometric CeO2 (Figure 3.13(a)) to nonstoichiometric CeO2-x (Figure 3.13(b)), the vacancy clusters form one dimensional tunnel-like
structures along the [001] direction. As shown in Figure 3.13(c), such an increase in [

••

] from

0% to 25% results in a substantial decrease in the energy band gap (Eg) of 38%, namely, from
3.2 eV [59] to 1.9 eV. Consequently, an increase in [
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••

] may yield significant enhancements

in the electronic transport of CeO2-x, as has been suggested previously by other researchers [34,
62, 63]. The origin of the decrease in the band-gap stems from the two electrons left by the
••

, which fill the localized 4f orbitals in the two neighbouring Ce ions (mostly forming the

bottom of the conduction band) [50]. Figure 3.13(d) illustrates the electronic charge density
redistribution that occurs during the change from stoichiometric CeO2 to non-stoichiometric
CeO2, which leads to a charge density increase around the Ce ions (see surface denoted with
blue colour).

Figure 3.13:

First-principles calculations performed on stoichiometric CeO2 and non-stoichiometric

Ce2O3. (a) Structural projections along the (100) and (110) directions for stoichiometric CeO2. (b)
Structural projections along the (100) and (110) directions for non-stoichiometric Ce2O3, where the

••

are self-organized into clustered one-dimensional tunnels oriented in the [001] direction. (c) Effect of
••

on calculated spin-polarized total density of electronic states, showing spin-up (positive) and spin-

down (negative) regions (Fermi energy levels shifted to zero). (d) Structural projections along the (100)
direction for stoichiometric CeO2 and non-stoichiometric Ce2O3; surfaces of identical electronic charge
are highlighted with blue colour; the electronic density increases around the Ce ions, which are located
near the oxygen vacancies, compared to the stoichiometric system. Large yellow and small red spheres
represent cerium and oxygen ions, respectively.

In addition, the effects of possible nano-size effects on the estimation of the Eg in stoichiometric
and non-stoichiometric ceria and the results were analysed, which are given below.
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Effect of crystallite size on calculated band gap energy
It is well known that there are nano-size effects on the Eg in semiconductors, as suggested by
molecular orbital theory [64] and atomic packing considerations of the Ce-O bond lengths of
nanoparticles [65].

The potential size effects on the Eg have been examined by DFT

calculations assuming 2% expansion or 2% contraction of the Ce-O bond lengths, which
correspond to analogous calculations based on the presence and absence of ligands in the
growth environment. The resultant DFT calculations for stoichiometric CeO2 (Figure 3.14)
reveal that 2% expansion or contraction of the Ce-O bond lengths leads to a negligible 2%
reduction or 3% increase in the Eg, respectively. For non-stoichiometric CeO2-x, the same DFT
calculations show 2% expansion or contraction, resulting in only a 3% decrease or 2% increase
in the Eg, respectively. In effect, the size effects on the Eg corresponding to these conditions
are not significant.

Figure 3.14:

Influence of potential nano-size effects on calculated energy band gap of stoichiometric

and non-stoichiometric bulk ceria. Calculated spin-polarised total density of states showing spin-up
(positive) and spin-down (negative) components; the Fermi energy level has been shifted to zero in all
the cases.
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Controllability of thickness and

••

of thin films

This section shows that this method can be used for precision engineering of both

••

and the

film thicknesses. Figure 3.15(a-d) shows the voltammograms of four films at scan rates of 50,
300, 1000, and 3000 mV s-1, respectively, at a constant of 100 cycles. As expected, increasing
the scan rate results in increasing peak area owing to the greater current density and resultant
deposition of CeO2. However, owing to the faster kinetics at higher scan rates, there is
insufficient time for quick transformation of Ce(OH)4 → CeO2, before the reverse scan, which
results in the creation of a thinner layer of CeO2-x. The application of a large reduction current
to the layer during each reverse scan leads to the creation of high [

••

] effectively throughout

the entire film. These conclusions are supported experimentally by the Ce 3d XPS results in
Figure 3.15(e-h), which show increasing [Ce3+] from 18 at% to 44 at% at scan rates of 50 mV
s-1to 3000 mV s-1, respectively; the film thicknesses for 100 cycles were in the range ~25 to
~70 nm (i.e., ~1-3 atomic layers per cycle). Further, the XPS results for the O 1s XPS spectra
in Figure 3.15(i-l) show that the fractional O

increases from 18 at% to 56 at% at scan

rates of 50 to 3000 mV s-1, respectively, which also confirms that higher scan rates lead to the
generation of higher [

••

]. To confirm that CV deposition can be used to control defect

concentrations in CeO2-x, the density of defects for the CeO2-x films deposited at different scan
rates and cycle number were studied by photoluminescence spectroscopy (PL), the results of
which are shown in Figure C3.3.
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Figure 3.15:

Proton-assisted control of oxygen vacancy formation during cyclic voltammetry.

Cyclic voltammograms at scan rates: (a) 50 mV s-1. (b) 300 mV s-1. (c) 1000 mV s-1. (d) 3000 mV s-1.
(e-h) corresponding XPS Ce 3d spectra. (i-l) corresponding XPS O 1s spectra.

Effect of scan rate on structure and morphology of ultrathin CeO2-x films
Furthermore, the films were carefully characterised using XRD (Figure 3.16), laser Raman
microspectroscopy (Raman) (Figure 3.17), TEM (Figure 3.18), atomic force microscopy
(AFM) (Figure 3.19), and time-of-flight secondary ion mass spectrometry (TOFSIMS)) (Figure
3.20).
Owing to the being ultrathin and polycrystalline nature of the CeO2-x films , XRD peaks
indexed to CeO2 are broad and of low intensity. However, the intensity increases by decreasing
the scan rate, indicating the formation of thicker CeO2 film.

115

Figure 3.16:

XRD patterns for CeO2-x ultrathin films and FTO substrate for [Ce3+] = 18, 26, 34, 44

at% ((hkl) = CeO2-x, # = FTO).

The results for Raman spectroscopy of the ultrathin CeO2 films are shown in Figure 3.17, where
the predominant peak at ~463 cm-1 is attributed to the F2g mode of Ce bonded with 8 oxygens,
confirming the formation of CeO2.

Additionally, increasing the [

••

] resulted in an

asymmetrical broadening of the peak as well as considerable peak shift to lower values (form
463.5 cm-1 to 457.2 cm-1). This is attributed to the quantum confinement effect as a result of
introducing

••

in the system [66]. The existence of

small peak at 598 cm-1, is associates to the

••

••

can also be confirmed by appearing a

-induced defect (D) mode [67, 68].
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Figure 3.17:

Laser Raman microspectra for CeO2-x ultrathin films and FTO substrate for [Ce3+] =

18, 26, 34, 44 at%.

The thicknesses of the ultrathin CeO2-x films were measured using HRTEM imaging.
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Figure 3.18:

Cross sectional TEM images of CeO2-x ultrathin films deposited for 100 cycles at

different ʋ. (a) 50 mVs-1, (b) 300 mVs-1, (c) 1000 mVs-1, (d) 3000 mVs-1.
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Since TEM images cover small area of the samples, the thickness would represent a small area
of the sample. To avoid from obtaining inaccurate thickness, AFM and TOF-SIMS were used,
in which very greater area of 210 µm2 and 900 µm2. These results are shown in Figure 3.18
and 3.19, respectively. Figure 3.19 a, c, e, and g shows AFM images of CeO2 thin films
deposited on FTO substrates. The thickness measurements were done by surface scanning at
the interfacial region of the deposited CeO2 film (lighter left side) and bare FTO substrate
(darker right side). The height profile images obtained for CeO2 with different thicknesses are
shown in Figure 3.19 b, d, f, and h, the step heights of which are represented on the AFM
images by the vertical dashed white lines.
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Figure 3.19:

Thicknesses of CeO2-x ultrathin films synthesised at constant cycle number 100. AFM

images at cross sectional regions between ultrathin film and FTO substrate for different scan rates of
(a) 50, (c) 300 (e) 1000, (g) 3000 mVs-1. Corresponding height profile plots for different scan rates of
(b) 50, (d) 300 (f) 1000, (h) 3000 mVs-1.
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Figure 3.20:

2D and 3D SIMS elemental images indicating thicknesses of CeO2-x ultrathin films

synthesised at constant cycle number 100 and different ʋ: (a) 50, (b) 300 (c) 1000, (d) 3000 mVs-1.

Effect of scan rate on pseudocapacitive behaviour of ultrathin CeO2-x films
The electrochemical behaviour of the ultrathin films obtained at different scan rates were
explored using CV analysis. The results are shown in Figure 3.21. In addition, the kinetics of
charge/discharge process for the CeO2-x films were studied as shown in inset of Figure 3.21.
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Figure 3.21:
x

Voltammograms and plots (insets) of log peak current (mA) vs. log ʋ (mVs-1) for CeO2-

ultrathin films for different [Ce3+]. (a) 18, (b) 26, (c) 34, (d) 44 at%.

Figure 3.22 also shows increasing areas of the cyclic voltammograms, which is an indication
of pseudocapacitance, as a function of [Ce3+] at the associated scan rates.

Figure 3.22:

Effect of scan rate on [Ce3+] and capacitance of thin films. (a) Pseudocapacitance-

related cyclic voltammograms of CeO2-x deposited at scan rates of 50 mV s-1 (green), 300 mV s-1 (blue),
1000 mV s-1 (magenta), and 3000 mV s-1 (black) (percentage in box is [Ce3+]).
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The electrochemical performance data are summarised in Figure 3.23, which shows that
increasing the [Ce3+] (and corresponding [

••

]) by ~2.5 times results in an eightfold increase

in the volumetric capacitance.

Figure 3.23:

Effect of scan rate on [Ce3+] and capacitance of thin films. Three-dimensional plot

showing volumetric capacitances at scan rates of 5-500 mV s-1 for thin films with [Ce3+] of 18, 26, 34,
and 44 at%.

Effect of cycle number on morphology and surface chemistry of ultrathin CeO2-x films
The effects of cycle number, at a constant scan rate, on morphological and surface properties
of the ultrathin films were studied using TEM, AFM, TOF-SIMS, and XPS as illustrated in
Figures C3.4-C3.7, respectively.
The data show that the film thickness is directly proportional to the cycle number. In contrast,
increasing the cycle number decreased the

••

], as reflected by the [Ce3+]. These converse

data suggest the reason for both the maxima in the volumetric capacitance in Figure 3.23 as
well as the dominant role of the

••

]. Finally, improvements in the volumetric capacitance
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can be achieved by increasing the

••

] to the theoretically maximal of 25% by increasing the

scan rate from that used in the present work by up to a possible two orders of magnitude.
Finally, the impact of cycle number at a constant scan rate, on pseudocapacitance behaviour of
the ultrathin films was investigated by CV analysis. The results are shown in Figure 3.24,
where increasing the thickness above ~30 nm, by enhancing the cycle number, leads to the
reduction of the capacitance obtained by CV analysis. This is attributed to the decreasing trend
of creation of

••

during the synthesis of the CeO2-x thin films. This is followed by lowering

the rate of diffusion of protons through the thick and relatively lowthus causes inferior capacitance values.

••

] CeO2-x layers, which

Therefore, these data show that the proposed

fabrication method is suitable for the synthesis of ultrathinfilm transparent capacitors.

Figure 3.24. Cyclic voltammograms and plots (insets) of log peak current (mA) vs. log ʋ (mVs-1) for
CeO2-x ultrathin films electrodeposited at ʋ = 3000 mVs-1 for different cycle numbers. (a) 50, (b) 100,
(c) 200, (d) 500. The corresponding thicknesses (t) are shown in top right of the Figure.

Further, the measured capacitances were plotted against thicknesses and [Ce3+], which is shown
in Figure 3.25.
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Figure 3.25:

Three-dimensional plot showing volumetric capacitances, ʋ, thicknesses, and [Ce3+]

for CeO2-x ultrathin films deposited at ʋ = 3000 mVs-1 for different cycle numbers. (a) 50, (b) 100, (c)
200, (d) 500.
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3.3

Summary

In summary, the present work reports a straightforward approach to fabricate ultrathin films
with high

••

] and precisely controlled thickness using near-room-temperature cyclic

voltammetry at large cycle numbers and high scan rates. Critically, by leveraging the slow
kinetics of the cerium redox reactions and the PAOVC mechanism, layer-by-layer deposition
of highly reduced CeO2-x with homogeneous volumetric distributions of
Further, rapid cyclic deposition was shown to create volumetric

••

••

was achieved.

with long-term stability,

which has led to the observation of pseudocapacitive behaviour in CeO2-x. This behaviour is
attributed to simultaneous intracrystalline electron conduction owing to high volumetric [

••

]

and rapid intercrystallite proton transfer activated by the adsorbed water molecules. These
nanostructures, which can be engineered for superior performance using scan rates up to two
orders of magnitude greater than those used in the present work, exhibit the highest volumetric
capacitance of any ultrathin film to date (Figure 3.12(e)). The present work shows that the
PAOVC method has the potential to be applied to other MOs for a range of applications in
energy and the environment, e.g., gas sensing, oxygen storage, and energy storage. It also
shows the potential for industrial applicability as, in principle, there is no limitation to the
lateral dimensions of these films save the mechanical performance, which is likely to be robust
as films as thick at ~100 nm can be fabricated.
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3.4

Complementary Data

Figure C3.1:

Thin film deposited at different scan rates 50-3000 mVs-1. (a,b) HAADF images of

ultrathin films deposited at 3000 mVs-1 and 1000 mVs-1, respectively. (c,d) HRTEM images, and (e,f)
SAED patterns of ultrathin film deposited at 300 mVs-1 and 50 mVs-1, respectively.

Figure C3.2:

Ce 3d XPS spectra for a CeO2-x ultrathin film electrodeposited at ʋ = 3000 mVs-1. (a)

untested, (b) after 1000 application cycles.

Photoluminescence spectroscopy (PL), which is used commonly to evaluate relative charge
carrier concentrations (Ce4+ → Ce3+ redox, O vacancy formation, and electron/hole pair
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generation) [69, 70], also was conducted in the present work in order to confirm that cyclic
voltammetry deposition can be used to control defect concentrations in CeO2-x. The emission
intensity in the PL spectra derives from charge-carrier (electron/hole) recombination, thereby
suggesting reduction in the concentrations of mobile defects [69, 70] as the peak intensities
decrease.

Figure C3.3:

PL spectra of ultrathin films prepared at different scan rates (100 cycles at 50-3000

-1

mVs ) and cycle numbers (50-500 at 3000 mVs-1).
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Figure C3.4:

Cross-sectional TEM images for CeO2-x ultrathin films electrodeposited at ʋ = 3000

-1

mVs for different cycle numbers. (a) 50, (b) 100 (c) 200, (d) 500.
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Figure C3.5:

Thicknesses of CeO2-x ultrathin films synthesised at constant scan rate 3000 mVs-1 and

different cycle numbers. AFM images at cross sectional regions between ultrathin film and FTO
substrate for different cycle numbers of (a) 50, (c) 100 (e) 200, (g) 500. Corresponding Height profile
plots for cycle numbers of (b) 50, (d) 100 (f) 200, (h) 500.
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Figure C3.6:

2D and 3D TOF-SIMS elemental images showing thicknesses of CeO2-x films

synthesised at scan rate of 3000 mVs-1 and varying cycle numbers: (a) 50, (d) 100 (g) 200, (j) 500.
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Figure C3.7:

Ce 3d XPS spectra for CeO2-x ultrathin films electrodeposited at ʋ = 3000 mVs-1 for

different cycle numbers. (a) 50, (b) 100, (c) 200, (d) 500.
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Chapter 4 Coordination Polymer to Atomically-Thin, Holey, Metal Oxide
Nanosheets for Tuning Band Alignment

Note: The data in the present chapter is under review in Advanced Materials, where the author of
present thesis is the main contributor and corresponding author (Sajjad S. Mofarah, Esmaeil
Adabifiroozjaei, Raheleh Pardehkhorram, M. Hussein N. Assadi, M. Hinterstein, Yin Yao, Xinhong
Liu, Mohammad B. Ghasemian, Kourosh Kalantar-Zadeh, Rashid Mehmood, Claudio Cazorla,
Ghazaleh Bahmanrokh, Saroj Bhattacharyya, Maria Chiara Spadaro, Jordi Arbiol, Sean Lim, Yuwen
Xu, Hamidreza Arandiyan, Pramod Koshy, and Charles C. Sorrell.

4.1

Overview

State-of-the-art holey 2D structures have established new levels of functionalities for materials,
particularly for energy and environmental applications [1, 2]. The formation of holes in
nanosheets enhances the density of accessible active sites and rapid lateral charge carrier
diffusion [3]. However, to minimize the transverse diffusion distances within holey 2D
materials, sheets of atomic thickness should be achieved. Additionally, to retain highly active
sheets, polycrystalline 2D planar materials are desirable to prevent irreversible restacking of
the nanosheets. However, the synthesis of polycrystalline holey 2D sheets by either top-down
or bottom up strategies has remained elusive for most compounds. Holey 2D graphene [4, 5]
and holey 2D transition metal chalcogenides (TMCs) and selenides (TMS) have been reported
[6, 7]. However, the processing is relatively complex, including the requirement of surfactants,
sacrificial templates, and/or additional steps for removal of the template at high temperatures;
these ultimately result in nanosheet thicknesses of tens of nanometres [8-10]. Demonstration
of effective synthesis of holey 2D metal oxides (MOs) is an important yet unrealised aim for
their incorporation in efficient energy and catalytic systems.
The present chapter demonstrates an alternative, simple, and adaptable strategy to create
polycrystalline holey 2D nanostructures of MOs at room temperature without the use of a
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template. This unique technique is based on the rapid exfoliation of bulk-layered, metal-based
coordination polymers (MCPs) into monolayers in aqueous solutions, followed by
transformation into holey 2D MOs of as little as two-unit cell thickness (for instance, ~1.1 nm
for CeO2 and ZrO2) but lateral sizes in the millimetre scale (~5 mm). In this process, a
suspension of an unstable metal hydroxide substructure that is symmetrically capped by a
bidentate organic ligand is exposed to an increase in pH, which results in the removal of the
organic linkers and enables subsequent formation of the holey MO nanosheets. The versatility
of the method is confirmed by the synthesis of similar nanostructures for TiO2 and ZrO2.
Further, the broad applicability of this strategy is illustrated through the synthesis of mixed
0D/2D heterostructures of 0D transition metal oxides (TMOs) onto 2D CeO2-x templates.
These 0D/2D decorated sheets are modified by rearrangement of their band alignments after
the incorporation of the 0D structures. First-principles calculations based on density functional
theory (DFT) confirm the band structure differences observed for CeO2 nanosheets, bulk CeO2,
and 0D/2D heterostructures. The holey CeO2-x-based nanosheets show strong photocatalytic
activity under simulated solar light.

4.2

Results and Discussions

The cerium-based coordination polymer (Ce-CP) was synthesized by modified anodic
electrochemical deposition, in which the current varies as a function of deposition time, while
a constant potential is applied. Figure 4.1 shows current-deposition time plot, where the current
density increases rapidly for the initial stages of the deposition. The high current density is
attributed to the oxygen evolution reaction at the working electrode (FTO substrate). However,
the current density drops after ~100 s of applying a potential followed by a gradual decrease
after ~160 s. The mechanism behind nucleation/growth of Ce-CP was investigated by analysis
of current density variations using SEM imaging, as a function of deposition time (Figure
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4.1(b-f)). The image obtained at the peak current density (Figure 4.1(b)) revealed small nuclei
of the Ce-CP. The low conductivity of the Ce-CP polymer, relative to the FTO substrate, is
likely to be responsible for the current drop occurred just after the initial nucleation (Figure
4.1(b)). The continued growth of the Ce-CP polymer led to a decrease in the exposed FTO
surface and thus, reduction of the current density. Interestingly, Figure 4.1(c) shows that nuclei
are grown vertically against the substrate while forming a hexagonal rod after 150 s of
deposition. Increase in the deposition time (Figure 4.1(d)) resulted in the formation of a hole
at the centre of the hexagonal rod and subsequently, transformation of the hexagonal rod to the
hexagonal tube, as shown in Figure 4.1(f). This transformation can be attributed to the effect
of the application of high current density, which resulted in the travel of generated oxygen
bubbles perpendicular to the substrate. Therefore, the evolution of morphology moves towards
minimization of the Ce-CP contact surface with the FTO substrate, owing to enhancement of
the accessibility of water at the FTO substrate leading to subsequent oxygen evolution
reactions.
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Figure 4.1: Formation mechanism of Ce-CP tubes under constant current electrochemical deposition.
(a) current-deposition time plot, (b-f) SEM images representing the nucleation/growth process of the
Ce-CPs tube as a function of electrodeposition time.

Further, thermodynamic aspects of the Ce-CP synthesis method were explored. Figure 4.2
shows the Pourbaix diagram of Ce(III) and Ce(IV) in Ce3+-Ce4+-CCl3COOH-H2O system
obtained using Medusa software. According to the water stability region (blue shaded region)
in the diagram, aplying high current density, within the oxygen evolution region (above the
water oxidation limit), resulted in the formation of oxygen bubbles at the adjacent of the FTO
substrate and electrolyte, and thus an oxidation of Ce(III) species to Ce(IV), which can be
followed through the first step shown in Figure 4.2. In addition, according to the water splitting
reaction, the evolution of one mole oxygen is followed by the formation of 4 moles of protons
that lead to a rapid drop in the local pH and hence the formation of a highly acidic atmosphere.

From previous reports, the stability regions of Ce(IV) species in aqueous solution exist due to
the high field strength (affinity to hybridization) of Ce(IV) species [11]. Therefore, the
oxidation of Ce(III) species to Ce(IV), even under acidic pH, results in the formation of Ce(IV)
hydroxide but with unsaturated coordination bonds. This is also shown in the Pourbaix diagram
(Figure 4.2), where the formation of Ce(IV) hydroxide with low coordination number occurs
followed by the rapid proton generation (step(2)). In the final step, the presence of TCA
molecules with unstable Ce(IV) species leads to coordination bonding between the Ce(IV)
hydroxide and TCA linker, forming a monolayer structure. The existence of high concentration
of protons, owing to the acidic pH, is very critical since the protons intercalate at the interlayer
spaces of Ce(IV) and TCA coordinated monolayer structure and establish Van der Waals
interactions between the layers resulting in the formation of a new class of unsaturated cerium-
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based coordination polymer. The details for structural and chemical characterisations of the
Ce-CP are provided in Figure C4.1-14.

Figure 4.2: Thermodynamic study on the quarterly aqueous system Ce(III)-Ce(IV)-TCA-H2O as a
function of pH

The Ce-CP hexagonal tube was then used as the only precursor to fabricate CeO2-x holey
nanosheet. Figure 4.3(a) shows scanning electron microscopy (SEM) image of a free-standing
Ce-CP hexagonal tube with bulk-layered structure.

Additionally, transmission electron

microscopy (TEM) image and the corresponding schematic are shown in Figure 4.3(b,c),
respectively. The stratified Ce-CP tube can be readily exfoliated, upon ultrasonication in
deionized (DI) water at room temperature. Figure 4.3(d, e) shows ex-situ SEM and TEM
images of the Ce-CP partly exfoliated after 4 min of ultrasonication. The corresponding
schematic is shown in Figure 4.3(f). Longer sonication treatment (8 min) led to the complete
Ce-CP exfoliation, as illustrated by SEM and TEM images in Figure 4.3(g, h), respectively.
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The total exfoliation progress as a function of sonication time is schematically demonstrated in
Figure 4.3(c-i). The final step involves increasing the pH of the solution to pH = 8, during
ultrasonication, leading to the transformation of the Ce-CP nanosheets into defective CeO2-x
nanosheets. It is significant to note that, during this transformation, high densities of nanoholes
across the ultrathin sheets are formed as shown in Figure 4.3(j, k). This is attributed to the
rapid removal of the organic bidentate trichloroacetate (TCA) linkers, owing to high field
strength of Ce(IV) over a wide pH range and thus a corresponding strong affinity for CeO2-x
formation [12, 13]. The schematic of the holey structure of the CeO2-x nanosheet is also shown
in Figure 4.3(l).
Owing to the absence of reference data consistent with the X-ray diffraction (XRD) pattern
obtained for the Ce-CP, the corresponding crystal structure was investigated by comparative
ab-initio molecular dynamics simulations and XRD and neutron diffraction patterns, as
provided in Figures C4.1-14 and Tables C4.1-5. The data describing the crystallography of the
Ce-CP, which has been determined to be Ce(TCA)2(OH)2·2H2O, was indexed to be triclinic
system, space group P1, with a = 1.31 nm, b = 1.32 nm, c = 1.10 nm, α = 81.20°, β = 93.21°, γ
= 112.93°.
The crystal structure of the stratified Ce-CP is illustrated in Figure 4.3(m), where the interlayer
spaces are mutually held together by intercalated protons and the terminating chlorine ions of
the TCA ligands.

The application of ultrasonication on the Ce-CP tubes enhances the

exfoliation through the vibration breakage of the nanosheet and resultant facilitated water
molecule penetration (Figure 4.3(n)). Further, the c-axis lattice parameter of the Ce-CP crystal
structure was measured to be 1.1 nm, which represents the thinnest possible Ce-CP nanosheet
of a Ce-CP monolayer. Increasing the pH of the solution, leads to dissolution of the TCA from
the two surfaces (Figure 4.3(n)) of the M-OH substructure. This is followed by conversion of

145

a highly reactive interior M-OH (Ce OH

) substructure to the more stable Ce(OH)4 followed

by the rapid formation of stable CeO2-x (Figure 4.3(o)) without any morphological changes.

Figure 4.3: Exfoliation and conversion of Ce-CP nanotube into holey 2D CeO2-x structures. (a-c) Exsitu SEM, TEM, schematic of Ce-CP hexagonal. (d-f) Ex-situ SEM, TEM, schematic of Ce-CP
nanosheet obtained by exfoliation of the Ce-CP hexagonal nanotube for 4 min at room temperature. (gi) Ex-situ SEM, TEM, schematic of Ce-CP nanosheet obtained by exfoliation of the Ce-CP hexagonal
nanotube for 8 min at room temperature. (j-l) Ex-situ SEM, TEM, schematic of holey CeO2-x nanosheet
obtained by exfoliation of the Ce-CP hexagonal nanotube for 15 min at room temperature in basic
aqueous solution (pH = 8). (m) Schematic of layered structure of Ce-CP, (n) Ce-CP exfoliated
nanosheets as a result of penetration of water molecules between stacked Ce-CP nanosheets, (o) highly
defective CeO2-x nanosheets. Blue, green, red, brown, and black spheres represent cerium, chlorine,
oxygen, carbon, and hydrogen ions, respectively. Gaps within the defective CeO2-x nanosheet represent
oxygen vacancies.
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In order to confirm the removal of the TCA, energy dispersive spectroscopy (EDS) elemental
mapping was carried out for both Ce-CP and CeO2-x nanosheets, as shown in Figures 4.4 and
4.5, respectively.

Figure 4.4: Elemental analysis of Ce-CP nanosheets. (a) TEM image of the Ce-CP. EDS mapping
image of Ce-CP; (b) cerium (red), (c) oxygen (green), (d) chlorine (navy blue), (e) carbon (light blue).
(f) EDS spectra of Ce-CP nanosheet.

Figure 4.5. Elemental analysis of CeO2-x holey nanosheets. (a,b) The bright field TEM image of CeO2x

holey nanosheets. EDS elemental mapping image of (c) oxygen (green), (d) cerium (red). (e) EDS

spectra of CeO2-x holey nanosheets.
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Furthermore, the rapid evolution of Ce-CP into CeO2-x was studied by in situ laser Raman
microspectroscopy of nanosheets subjected to an alternative removal method. The results are
shown in Figure 4.6.

Figure 4.6: Raman spectra of CeO2-x nanosheets compared with that of original Ce-CP, indicating
insignificant differences.

The structural evolution during the Ce-CP transformation into CeO2-x was studied using XRD
and SAED analysis, accompanied by the corresponding TEM images, as shown in Figure 4.7.
The transformation of Ce-CP tube, with triclinic structure, into CeO2-x nanosheet, with fluorite
cubic structure, is revealed by indexing the SAED (inset Figure 4.7(a-c)) and XRD patterns
(Figure 4.7(d-f)).
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Figure 4.7: Structural and morphological evolution of Ce-CP hexagonal nanotube into CeO2-x
nanosheets. (a) TEM image of Ce-CP hexagonal nanotube (inset: SAED pattern). (b) TEM image of
Ce-CP nanosheet (inset: SAED pattern). (c) TEM image of holey CeO2-x nanosheet (inset: SAED
pattern). d) XRD pattern of Ce-CP hexagonal nanotube, (e) XRD pattern of Ce-CP nanosheet. (f) XRD
pattern of CeO2-x nanosheet.

The holey architecture of the CeO2-x nanosheet was further investigated using high-angle
annular dark field (HAADF) STEM images as shown in Figure 4.8(a-c), where single
crystallites of lateral sizes in the range 3-6 nm intersect to create nanoholes at the multiple grain
boundary junctions owing to imperfect nanosheet packing. Similar to the work of Peng et al
.[14, 15], the conclusion of strong chemical bonding between the crystallites is supported by
the apparent intergrowths at the grain boundaries, despite their high angles, as suggested by
merged lattice fringes (Figure 4.9). The constraint of the crystallites to 2D is important because
this facilitates perfect lattice correspondence by symmetric atomic registry of the cubic oxide
lattices across the interface, regardless of grain boundary angle. This unusual condition enables
the self-assembly of large, ultrathin, polycrystalline MCP nanosheets, regardless of orientation,
where the M-OH substructures, act as nodes, attain atomic registry and the organic linkers
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contribute to bridging the nodes. However, as the individual nanosheets have irregular
outlines, nanoholes are formed when atomic registry is not possible. The creation of holes
introduces new exposed surfaces that improves charge carrier transportation and also generate
defects at the edge surfaces. A high density of defects in the CeO2-x nanosheets is illustrated
by electron energy loss spectroscopy (EELS), as shown in Figure 4.8(d, e). The EELS data
show that

••

are present both on the grain boundaries (Figure 4.8(d)) and within the CeO2-x

crystallites (Figure 4.8(e)). The intensity ratio of the M5 (3d 5/2 → 4f 7/2) and M4 (3d 3/2 →
4f 5/2) peaks are known to show a linear relationship, where the higher ratio indicates higher
] [16]. The EELS data allow the determination of the [

••

(orange) and M4 (green) peaks, where the ratios for minimal [

••

[

••

CeO2.0) and maximal [
data indicate a [

••

While the higher [
presence of

••

••

] from the ratio of the M5
] (0 at% for stoichiometric

] (25 at% for CeO1.5) are ~0.9 and ~1.25, respectively. The EELS

] of 0.95 within the crystallite and 1.15 at the interface of two crystallites.
••

] at the crystallite interface and surfaces are as expected [17-19], the

within the crystallite has been recently reported [13]. The formation of such

defects is likely to result from the low energy required to transform Ce-CP into CeO2-x in
aqueous solution at room temperature and the consequent imperfect recrystallization.

It is notable that the high-magnification HAADF image of the holey nanosheet (Figure 4.8(f))
indicates the presence of Ce vacancies (

), which do not appear to have been reported for

CeO2-based materials. This defect may indicate Schottky pair formation, which requires ~2-3
eV more than that required for O vacancy formation [20, 21]. Nonetheless, the higher
formation energy of the Ce vacancy effectively may be reduced owing to the short lateral and
transverse distances required for ionic transport to the respective surfaces. Both the HAADF
imaging and EELS analysis in STEM mode were conducted while the samples were cooled in-
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situ to liquid nitrogen temperature in order to avoid the creation of artefact vacancies from the
high vacuum and/or electron beam irradiation [22, 23].

Figure 4.8: Defect and structural analysis of CeO2-x holey nanosheets. (a,b) Low-magnification
HAADF image of CeO2-x nanosheets. (c) High-magnification HAADF image of CeO2-x nanosheets
illustrating nanoholes of ~2-5 nm lateral size. (d) EELS spectra from an intercrystallite region in CeO2x

nanosheets. (e) EELS spectra from within a CeO2-x crystallite. (f) High-magnification HAADF image

showing Ce vacancies within a CeO2-x crystallite.

Figure 4.9: HAADF images of holey CeO2-x nanostructure illustrating intergrowth of crystallites.

The use of Ce-CP as sole precursor in the absence of a template, surfactant, etching or other
technical complexities to synthesize holey CeO2-x nanosheets represents a simplified
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fabrication approach requiring effectively only an electrochemical setup. Critically, the high
yield of the process is demonstrated by the synthesis of large amounts of holey CeO2-x
nanosheets in a single batch, as shown in Figure 4.10, in which the lateral size of the
nanosheets, which are reversibly stacked by van der Waals forces, is as large as 5 mm.

Figure 4.10:

Large-scale synthesis of CeO2-x sheets: photographs of (a) Ce-CP and b) CeO2-x sheets

prepared by processing in water for three days. (c) Optical microscope image of CeO2-x sheet. (d) Low
magnification and (e, f) high magnification SEM images of sheets stacking on top of each other,
yielding a layered structure. The lateral size of some obtained sheets was ~5 mm.

Holey nanosheets of TiO2 and ZrO2
The flexibility of the fabrication method is confirmed by the syntheses of a layered titaniumbased CP (Ti-CP) and a zirconium-based CP (Zr-CP). It is significant that the use of the novel
anodic electrodeposition method for fabrication of MCPs is limited to metals with the following
specific properties: 1. Double or multi-valence oxidation states. 2. Precursor salt containing a
metal of low oxidation state (1+ to 3+), and 3) oxidation reaction in aqueous solution at neutral
pH during electrochemical deposition. Since the properties of Ti and Zr are not consistent with
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the preceding, an alternative hydrothermal method was used to synthesis the Ti-CP and Zr-CP.
The SEM and corresponding EDS results of Ti-CP are shown in Figure 4.11 and 4.12,
respectively, where the bulk layered structure is revealed. Additionally, Raman spectra of the
Ti-CP is shown in Figure C4.15.

Figure 4.11:

Low and high magnification SEM images of Ti-CP.
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Figure 4.12:

Elemental analysis of Ti-CP. (a) SEM image of Ti-CP. EDS elemental mapping images

of (b) titanium, (c) oxygen, (d) carbon, (e) overlay of EDS images, (f) EDS spectra.

Similarly, the SEM and EDS images of the Zr-CP are shown in Figures 4.13 and 4.14. The
stacked Zr-CP layers can be observed in Figure 4.13(d). Also, the presence of Zr, O, and C, as
the predominant elements in the Zr-CP structure is illustrated in Figure 4.14, and its
mineralogical characterisation is shown by Raman spectra in Figure C4.16.

Figure 4.13:

Low and high magnification SEM images of Zr-CP.
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Figure 4.14:

Elemental analysis of Zr-CP: (a) SEM image of Zr-CP, EDS elemental mapping images

of b) zirconium, c) oxygen and d) carbon, e) overlay of EDS images of Zr-CP and corresponding f)
EDS spectra.

Applying the same approach for obtaining Ce-CP layers, rapid exfoliation of Ti-CP and Zr-CP
in aqueous solution resulted in the formation of corresponding nanolayers. Figure 4.15 and
4.16, illustrate TEM images of Ti-CP and Zr-CP bulk-layered structures, respectively, that are
exfoliated in DI water as a function of sonication time.

Figure 4.15:

TEM images of ultrathin Ti-CP nanosheets exfoliating in DI water at room

temperature.
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Figure 4.16:

TEM images illustrating exfoliation of bulk Zr-CP in DI water at room temperature and

formation of free-standing Zr-CP nanosheets.

As a general approach to fabricate holey nanosheet of metal oxides, longer sonication of Ti-CP
and Zr-CP in basic solution lead to the transformation into holey structure. The morphological
analyses of CeO2-x, TiO2-x, and ZrO2-x nanosheets are shown in Figures 4.17(a-c), respectively,
where TEM images reveal the holey nanostructures of the MCP-derived MOs. Also, Figure
4.17(d-f) show SAED patterns of the randomly-oriented polycrystalline nanosheets indexed to
CeO2, TiO2, and ZrO2, respectively. Considering the ultrathin nature of the holey nanosheets,
surface chemical analysis effectively provides bulk analysis since the penetration depth of XPS
is ~3 nm [24]. As an example, quantitative analysis of CeO2-x (Figure C4.17) was carried out
by deconvolution of Ce 3d orbital of XPS spectra revealing significant Ce3+ concentrations,
which generally are associated with corresponding oxygen vacancy concentrations ([

••

])

through charge compensation [25, 26]. These results are in agreement with the EELS data
shown in Figure 4.8(d, e).
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In order to measure the thicknesses of the holey MO nanosheets, atomic force microscopy
(AFM) imaging was obtained by the deposition of the nanosheets onto silicon substrates, as
shown in Figure 4.17(g-i). The corresponding height-profiles are shown by the two stepheights from the substrate in Figure 4.17(j-l). For CeO2-x, these are ~1.1 nm and ~1.2 nm,
indicating that the nanosheets are of two unit-cell thickness (CeO2 unit cell = 0.54 nm) [27].
The thicknesses of the TiO2-x and ZrO2-x nanosheets were measured to be ~10.0 nm and ~1.8
nm, respectively, indicating thicknesses of 20-40 and 3-4 unit cells, respectively. The relatively
larger thickness of the TiO2-x nanosheet is likely to be due to the poor packing arising from the
anisotropy of the tetragonal anatase [28], while the thin ZrO2-x nanosheet probably resulted
from the effectively equiaxed lattice [29]. These data suggest that self-assembled MOs of
equiaxed or possibly highly anisotropic and hence self-aligned nanostructures are more likely
to yield ultrathin nanosheets. The results for additional characterisations on Ti-CP and Zr-CP
are shown in Figures C4.18-4.22 and C4.23-4.27, respectively.
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Figure 4.17:

Characterization of holey MO nanosheets. TEM image for (a) CeO2-x nanosheet, (b)

TiO2-x nanosheet, (c) ZrO2-x nanosheet. Corresponding SAED patterns of (d) CeO2-x nanosheet, (e) TiO2x

nanosheet, (f) ZrO2-x nanosheet. AFM image of (g) CeO2-x nanosheet, (h) TiO2-x nanosheet, (i) ZrO2-x

nanosheet. Corresponding height profiles for (j) CeO2-x nanosheet, (k) TiO2-x nanosheet, (l) ZrO2-x
nanosheet.

CeO2-x-based heterojunction materials
The applicability for holey CeO2-x nanosheets can be broadened by their use as a template in
the fabrication of mixed 0D/2D heterostructures with Fe-, Ni-, and Zn-based TMOs (0D).
Using the general synthesis platform, the holey CeO2-x nanosheets were dispersed in an
aqueous solution (pH = 6), which yielded a relatively stable suspension with zeta potential
of -25 mV (Figure 4.18), which is slightly lower than the threshold of -30 mV [30] for fully
stable colloidal system.

Figure 4.18:

Zeta potentials of CeO2-x dispersed in DI water.

In addition, considering the speciation diagrams for the TM ions (Figure 4.19), the predominant
species, within the acidic pH of CeO2-x suspension, are expected to be TMn+. Therefore, this
situation establishes electrostatic attraction between the positively charged metal species and
the negatively charged holey nanosheets, as shown by the negative zeta potential in Figure
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4.18. This attraction provides the mechanism for the assembly of metal species on the
nanosheet surfaces [31].
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Figure 4.19:

Speciation diagrams for TMOs. (a) Fe (II), (b) Ni (II), (c) Zn (II) species representing

stability of the species and concentration variations of species as a function of pH in aqueous solution.

This approach can significantly increase the functionalities of the nanosheets by preventing the
layers from stacking during minimization of the interplanar vdW interactions and by
maximizing the accessibility of the active sites[32]. Moreover, mixed 0D/2D heterostructures
can provide sufficient hybridization between the atomic orbitals, resulting in enhanced carrier
delocalization at junction interfaces [32]. The elemental, mineralogical, and crystallographic
investigations of the nanostructures were carried out by EDS, laser Raman microspectroscopy,
and XRD as shown in Figure 4.20. The formation of the nanostructures was shown by EDS
mapping of the nanosheets in Figure 4.20(a-c), revealing a homogenous distribution of 0D
TMOs. Further, the coexistence of the TMOs and CeO2-x was confirmed by the laser Raman
microspectra (Figure 4.20(d-f)). Since the peak for pristine CeO2 is at 464 cm-1, the large peaks
at ~460 cm-1 for FCO, NCO, and ZCO (assigned to the F2g vibrational mode for the
symmetrical stretching of Ce(IV) and eight surrounding oxygens) indicate red shifts to lower
wavenumber consistent with expansive strains arising from

••

. Further, the peak positioned

at ~600 cm-1 is attributed to the defect-induced mode originating from
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••

, as reported

previously [33]. The peaks at 230 cm-1 in Figure 4.20(d) is assigned to the A1g vibrational
mode of α-Fe2O3, while the peaks at 294, 395, and 620 cm-1 correspond to Eg vibrational modes
of α-Fe2O3 [34]. In addition, there are three deconvoluted peaks at 310 (T2g), 538 (T2g), and
680 (A1g) that can be attributed to the vibrational mode of Fe3O4 [34, 35]. Figure 4.20(e)
illustrates the coexistence of NiO (magenta colour peaks) and CeO2 (grey peaks). The peaks
for Eg, one-phonon transverse optical (1T), one-phonon longitudinal optical (1L), and twophonon transverse optical (2T) vibrational modes of NiO are laid at 287, 380, 560, and 690 cm1

[36]. Deconvolution of the ZCO peaks in Figure 4.20(f) reveals two peaks at 380 cm-1 and

412 cm-1, which are ascribed to the A1T and E1T vibrational modes of ZnO. Further, the peak
at 580 cm-1 is assigned to the E1L vibrational mode of ZnO [37]. Similarly, the coexistence of
TMOs and CeO2-x nanosheets were confirmed by XRD analysis as shown in Figure 4.20(g-i).
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Figure 4.20:

Characterisation of TMO in 0D/2D heterostructures. (a-c) EDS mapping of FCO, NCO,

and ZCO 0D/2D heterostructures, respectively. (d-f) Laser Raman microspectra of FCO, NCO, and
ZCO 0D/2D heterostructures, respectively. (g-i) XRD patterns of FCO, NCO, and ZCO 0D/2D
heterostructures, respectively.

Additional data analysis of the heterojunction nanostructures was carried out by TEM,
HRTEM, and SAED, the results of which are illustrated in Figure 4.21. As can be seen, from
the HRTEM images (Figure 4.21(c, g, k)), 0D nanoparticles of Fe2O3, NiO, and ZnO are
present in the CeO2-x structure. Additionally, the SAED patterns of the heterojunction
nanostructures revealed the existence of 0D TMO nanoparticles, as shown in Figure 4.21(d, h,
l).
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Figure 4.21: TEM Characterisation of TMO in 0D/2D heterostructures. (a-c) TEM and HRTEM
image of FCO, (d) SAED pattern of FCO, (e-g) TEM and HRTEM image of NCO, (h) SAED pattern
of NCO, (i-k) TEM and HRTEM image of ZCO. (l) SAED pattern of ZCO.

In order to investigate the photocatalytic properties of CeO2-x and the mixed nanostructures,
the corresponding electronic band structures were constructed.

Hence XPS, UV-Vis

spectrophotometry, and amplitude-modulated kelvin probe force microscopy (AM-KPFM)
were used to determine the gaps between the valence bands (VB, orange lines) and the Fermi
levels (Ef, black dashed lines), optical indirect band gaps (Eg), and the work functions (Φ). The
AFM image in Figure 4.22(a) illustrates the basis for the KPFM result for CeO2-x shown in
Figure 4.22(b). There is a significant difference of 90 mV (0.09 eV) potential between that of
the silicon substrate (higher potential) and the deposited 1.2 nm thickness CeO2-x nanosheet
(lower potential). Since the Φ of a silicon substrate was measured to be 4.74 eV (similar to
that reported previously), then subtracting 0.09 eV gives a Φ for CeO2-x of 4.65 eV[38]. The
XPS plot for the valence band of CeO2-x is shown in Figure 4.22(c), where the presence of
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trapping states, which are ascribed to the Ce 4f states within the bandgap, also are illustrated.
Additionally, the Tauc plot for the Eg is shown in Figure 4.22(d). These data and those for
FCO, NCO, and ZCO (Figure C4.28 and C4.29) were used to construct the electronic energy
level diagrams shown in Figure 4.22(e).

The preceding demonstrates that these holey 2D nanostructures offer the dual advantages of
rapid charge-carrier diffusion, as shown in the PL spectroscopy data of Figure C4.30, and
significant reduction in the Eg from 3.36 eV [39] to 2.89 eV. Further, there is the potential to
leverage the effects of midgap trapping states (Figure 4.22(c)) associated with the presence of
••

and

, although the positions of the corresponding energy levels do not appear to have

been determined. Critically, Figure 4.22(e) demonstrates that the photocatalytic capacity for
specific chemical reactions can be engineered by modification of the electronic band structure
through the creation of nanostructures.

For example, Figure 4.22(e) shows that the

Fe2O3/Fe3O4-CeO2-x nanostructure (FCO) lowers the Eg to 2.50 eV and positions the CB (green
line) for CeO2-x above that of Fe2O3/Fe3O4 but also above the O /•O energy level. The
reduction of the bandgap significantly increases light absorption and the new CB position of
FCO, which is in the proximity of O /•O [38], enhances the formation of reactive oxygen
species (ROS) by enabling electron transfer from CeO2-x to Fe2O3/Fe3O4. The VB and CB
band alignments also suggest that charge transfer of both electrons and holes would be toward
Fe2O3/Fe3O4, hence enhancing charge recombination.

However, the reduced electron/hole recombination of the mixed 0D/2D heterostructures
relative to the CeO2-x nanosheet, as confirmed by the PL spectroscopy (Figure C4.30), suggest
that charge transfer is dominated owing to short diffusion pathways in the nanosheets, rather
than electron/hole recombination.
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XPS analyses (Figure C4.28) of the NCO and ZCO nanostructure also showed the formation
of trapping states. Although the band gaps of NCO and ZCO were increased (Figure 4.22(e)),
the CB in NCO and the VB in both NCO and ZCO are positioned appropriately to catalyse the
O /•O and •OH/H O reactions, respectively, thereby enhancing the respective ROS formation.
Further, both the VB and CB decrease relative to those for CeO2-x, indicating that charge
separation can be improved by electron diffusion towards the TMO and hole diffusion towards
the CeO2-x.

First-principles calculations based on DFT were performed to characterize further the
differences in electronic band structures between CeO2 nanosheets, bulk CeO2, and 0D/2D
heterostructures. Figure 4.22(f) shows that the band gap of the CeO2 nanosheets is reduced by
~10% relative to that of bulk CeO2, which is in excellent agreement with the experimental
result (Figure 4.22(d)). Upon adsorption of transition metal ions, noticeable variations in the
band structure of the CeO2 nanosheets are observed in the form of new electronic states
appearing in the band gaps (Figure 4.22(g-i)) and, in one case, the bottom of the conduction
band (Figure 4.22(g)); the band gaps are in good agreement with the experimental data (Figure
4.22(e)). The origins of such band structure differences are supported by differences in
computed transition metal adsorption energies, which are -10.8 eV (Fe), -3.8 eV (Ni), and -0.1
eV (Zn). Larger charge transfers typically are correlated with more favourable adsorption
energies [40], so different attractive electrostatic interactions lead to significant differences in
the amounts of charge that the transition metal ions transfer to the nanosheets (~2 e– per Fe ion,
~1 e– per Ni, and ~0 e– per Zn). These variations suggest a wide range of potential band tuning
through the formation of 0D/2D heterostructures using different ions [41, 42].
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Figure 4.22:

Band structure characterization of CeO2-x and 0D/2D heterostructures. (a) Topography

of CeO2-x holey nanosheet. (b) Contact potential difference measured by KPFM of CeO2-x holey
nanosheet. (c) XPS valence band plot for CeO2-x holey nanosheet. (d) Tauc plot from UV-Vis
spectrophotometry data for CeO2-x holey nanosheet (Tauc plot model (αhʋ) = A(hʋ − Eg)2 applied, where
A and α are absorption and absorption coefficient, respectively; hʋ is photon energy; and Eg is optical
indirect band gap). (e) Electronic energy level diagram for CeO2-x holey nanosheet and 0D/2D
heterostructures (including reported band energies for redox reactions [38]). (f) First-principles DFT
computations of electronic densities of states and band gaps of CeO2 nanosheets and bulk CeO2. (g-i)
First-principles DFT computations of electronic densities of states and band gaps of 0D/2D
heterostructures.

Finally, the effects of band engineering on the photocatalytic performance were studied by
photodegradation of methylene blue dye, as a standard for organic phase decomposition by
ROS [43, 44], through 100 mW/cm2 of irradiance at AM 1.5 G solar illumination. The holey
CeO2-x nanosheet exhibits a high dye degradation extent of 85% after 2 h (Figure 4.23(a)).

166

The kinetics of the photodegradation were explored by plotting ln(At/A0), where At is the dye
absorption at time (t) and A0 is the dye absorbance prior to irradiation, against irradiation time
using a pseudo first-order reaction model [31, 45], as shown in Figure 4.23(b). The kinetics of
the reaction reveals a rate constant (k) as high as 0.024 min-1, which represents the fastest dye
degradation by pure CeO2 reported (Figure 4.23(c) and Table 4.1).

The outstanding

performance of the nanosheets can be attributed to two mechanisms: 1) High density of
structural defects modifying the electronic properties of the nanosheets by narrowing the
bandgap.

The atomic layer of the nanosheet offers a high surface-to-volume ratio, which considerably
enhances the exposed facets at the dye-nanosheet interfacial region. Such a novel architecture
is reported for the first time for CeO2 structures. 2) This performance is shown to be improved
significantly by fabrication of mixed heterojunction nanostructures that minimize the density
of electron/hole recombination, introducing a high number of defects which act as active sites,
thereby resulting in high numbers of ROS within the solution to catalyse the dye degradation.

The 0D/2D heterostructures performed even better, with FCO, NCO, and ZCO reaching extents
of 100%, 94%, and 90%, respectively, after 2 h, with correspondingly higher rate constants
(Figure 4.23(d)). The high stability of the samples was confirmed after multiple repeats of the
photocatalytic tests.
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Figure 4.23:

Photocatalytic performances of CeO2-x: (a) UV-vis absorption spectra of MB dye

solution following 120 min irradiation for ultrathin CeO2-x holey nanosheet, (b) plots of absorbance
(At/A0, at time t vs. initial time) and extent of the dye degradation as a function of irradiation time for
CeO2-x holey nanosheet, (c) comparison of the photocatalytic performances obtained in this work and
that reported from surveyed published data under similar testing conditions, (d) 664 nm peak intensities
based on UV-vis absorption spectra of MB dye solution at different irradiation times for the CeO2-xbased heterojunction structures.
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Table 4.1: Comparison of photocatalytic activity (methylene blue degradation) of different
nanostructures of CeO2 and CeO2-based materials.
Dye

Solids

concentration

Loading

Dimensions
Material

Morphology
(nm)

(mol L-1)

(mg mL-1)

Light

Degradation

Source

for 1 h (%)

Ref.

CeO2

Particle

8

5 x 10-7

1

Sunlight

~30

[46]

RGO-CeO2

NS-Particle

8

5 x 10-7

1

Solar light

~60

[46]

CeO2-CuO

irregular

9

1.5 x 10-5

1

Sunlight

17.8

[47]

Irregular

11

1.5 x 10-5

1

Sunlight

16.6

[47]

CeO2

irregular

13

1.5 x 10-5

1

Sunlight

1.4

[47]

CeO2-RGO

spherical

~12

0.37 x 10-6

0.8

30

[48]

12

[39]

CeO2V2O5

Visible
light
Visible
CeO2-x

octahedron

~22

0.60 x 10-6

0.1
light

CeO2

Irregular

11

0.5 x 10-5

2

Solar light

60

[49]

CeO2

Hollow sphere

10000

2.5 x 10-5

0.52

Solar light

60

[50]

CeO2

Irregular

~25

N/A

N/A

Solar light

~48

[51]

Gd-CeO2

Irregular

~25

N/A

N/A

Solar light

~63

[51]

Sm-CeO2

Irregular

~25

N/A

N/A

Solar light

~70

[51]

CeO2-x

Holey 2D

~1

1 x 10-5

0.5

Solar light

~70

This
Work
This
FCO

Holey 2D

~1

1 x 10-5

0.5

Solar light

~90
Work
This

NCO

Holey 2D

~1

1 x 10-5

0.5

Solar light

~76
Work
This

ZCO

Holey 2D

~1

1 x 10-5

0.5

Solar light

~74
Work
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4.3

Summary

In summary, the present work represents a versatile metal-based coordination strategy to
fabricate stratified structures.

They are readily exfoliated in aqueous solution at room

temperature into extremely thin holey nanosheets of MOs with advanced levels of
functionalities for a wide range of energy and heterocatalysis applications. The unique
behaviour of these nanosheets originates from their holey architecture, minimizing the
diffusion distance for charge carriers while maximizing the accessibility of active sites for
catalytic reactions and/or charge storage. The band structure of the sheets could also be tuned
during the process. Holey nanosheets of two-dimensional nature can be used as a template to
fabricate mixed 0D/2D heterostructures with transition metal components and beyond that can
lead to promising routes for optimising photocatalysts at the nanoscale regimes by tailoring
their electronics through rearrangement of band positions.
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4.4

Complementary Data

Structural, morphological, and chemical characterisations of Ce-CP

Figure C4.1:

Experimental X-ray pattern of Ce-CP.

Figure C4.2:

Neutron diffraction pattern of Ce-CP obtained at wavelengths of 1.63 Å and 2.41 Å.

171

Figure C4.3:

SEM images of Ce-CP tubes grown on FTO substrate.

Figure C4.4:

TEM characterisation of Ce-CP tube. (a) The low magnification TEM image of a single

Ce-CP tube. (b) selected area electron diffraction pattern of region shown in the yellow box and (c)
HRTEM image of region shown in the red box.
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The Raman spectra of the Ce-CP was obtained (Figure C4.5) and analysed comprehensively,
according to the vibrational modes of pure TCA. The details are provided as follows:

A brief look at the data indicates that some of the peaks observed in Ce-CP spectra are also
present in TCA spectra, indicating the existence of TCA molecule in the Ce-CP. The peaks
centred at 288 and 430 cm-1 are attributed to the asymmetric and symmetric bending vibrations
of the C-Cl bond, respectively [52]. Additionally, the peak at 688 cm-1 belongs to symmetric
stretching vibration mode of C-Cl bond, while peaks at 845 and 744 cm-1 are due to asymmetric
stretching vibration mode of the same bond [53]. The peak positioned at 952 cm-1 corresponds
to the symmetric vibration mode of the carbon-carbon bond (C-C) [52]. Further comparison
of the two spectra shows that Raman shifts occurred in some of the peaks (952 cm -1 to 962 cm
-1

, 700 cm -1 to 740 cm -1, and 683 cm-1 to 688 cm-1, ), which are attributed to the alteration in

vibrational modes of the bonds in TCA structure due to interaction with cerium ions [54].
Additionally, in TCA, there is a peak at 1746-1 corresponding to the vibrational mode of the
free carboxylic group (COO), which is split into two peaks at 1367 (symmetric stretching
vibration) and 1662 cm-1 (asymmetric stretching vibration) in Ce-CP spectra [54]). The
splitting seems likely due to the interactions between the COO group and Ce that results in the
formation of Ce-O bond, the peak of which appears at 455 cm-1. The peaks at 214 cm-1 and
360 cm-1 are correlated to in- and out-of-phase vibration modes of the Ce-CP structure. There
are two dominant peaks positioned at 455 and 470 cm-1 in Ce-CP spectra. The former is
ascribed to the symmetric stretching vibration of cerium and its coordinated oxygen [55, 56],
while the latter originates from the vibration mode of cerium bonded with chlorine and oxygen.
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Figure C4.5:

Raman spectra of Ce-CP tube (top) and trichloroacetic acid (bottom).

FTIR Data: As shown in Figure C4.6, the bands centred at 3620 and 3410 cm-1 show
stretching vibration of hydroxyl groups revealing the presence of water and OH group in the
Ce-CP [54]. The peaks at 1660 and 1360 cm-1 are attributed to the asymmetric and symmetric
stretching mode of a carboxylic group that is bonded to cerium cations. Also, the peaks at 1040
cm-1 and 966 cm-1 are due to the bending vibration of the carboxylic group and symmetric
vibration mode of the carbon-carbon bond (C-C), respectively [57]. Similar to Raman spectra,
the peaks at 688, 744, and 845 cm-1 are attributed to C-Cl vibration modes.
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Figure C4.6:

FTIR spectra of Ce-CP tubes.

XPS Data: The peaks corresponding to 3d, 1s, 1s, and 2p orbitals of cerium, oxygen, carbon,
and chlorine elements (shown in C4.7) can be detected at binding energies ranging from 880920, 529-535, 284-292, and 198-202 eV, respectively. For the cerium, there are two oxidation
states of Ce3+ and Ce4+ representing a spin-orbit combination of electrons in the d-orbital (3d5/2
and 3d3/2). The corresponding binding energies of Ce4+ and Ce3+ in 3d5/2 configuration are
located at 883, 889, and 899 and 881, and 886 eV, respectively (Table C4.1). The peak
positioned at 530 eV corresponds to hydroxyl bonded to Ce4+ [58]. The peak of organic oxygen
in TCA can be observed at 532 eV. At the binding energy of 534 eV, there is a small broad
peak representing structural H2O [58]. All the peak positions are provided in Table C4.1.
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Figure C4.7:

XPS data of Ce-CP tubes.

Table C4.1: Binding energies of different chemical bonds in Ce-CP and TCA.

Element
Ce
O
Cl
C

Chemical State

Peak Position
Binding Energy (eV)

Ce4+-O
Ce3+-O
OH- Ce4+
O in TCA
O (H2O)
Cl in TCA
Cl-Ce3+
C-TCA

883, 889, 899
881, 886
530
532
534
200, 202
198
289

The quantitative analysis of the elements in the Ce-CP structure was carried out by
deconvolution of the peaks using Gaussian fitting, the results of which are given in Table C4.2.
From the analysis, the stoichiometry of the Ce-CP is identified, based on atomic percentages
to be Ce(OH)1.8(TCA)2.0(H2O)1.0. Further, the XPS results were used for TGA analysis
confirming the molar ratio of the Ce-CP structure from wt%, which is elaborated in the
following section.
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Table C4.2: Contribution of different elements in Ce-CP with the stoichiometry based on atomic and
weight percentages.

XPS
Element

Ce
O
Cl
C
Total

Atomic
Contribution
(at%)
5.1
1.8
9.2
20.9
4.2
30.4
6.4
21.9
100

General
Molecular
Weight
(g/mol)
140
16
35
14
-

Calculated XPS

MW/Avogadro’s
Number

Weight
Contribution
(wt%)

714
256
147
334
67
1066
224
307
3115

23.0
8.2
4.7
10.7
2.1
34.2
7.2
9.9
100

TGA Data: TGA analysis of Ce-CP showed similar patterns under both nitrogen and air
atmospheres (Figure C4.8). There are four steps during each of which adsorbed water,
structural water, carbon chloride, and CO2 is removed from the Ce-CP, respectively. The results
show that 35.8 wt% of the total Ce-CP is converted to CeO2 in both conditions. The weight
percent of each organic component and the resultant product are given in Table C4.3, with
associated XPS analysis data for comparison. The Ce-CP samples after TGA test were
examined by XRD and Raman spectroscopy (not shown here), revealing that heat treatment in
both gases results in the formation of CeO2 cubic fluorite structure.
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Figure C4.8:

TGA analysis of Ce-CP in nitrogen (top) and air (bottom) atmospheres.

Table C4.3:

TGA analysis of Ce-CP in air and nitrogen and the associated XPS data.

TGA (N2)
Elements
CeO2
H2O
CCl3 in
TCA
TCA
CO2

XPS

Removal
Temperature
(°C)

Weight Loss
(wt%)

Calculated
based on XPS
data

Difference
(%)

N/A
160

35.8
2.5

35.9
2.1

0.2
19.0

230

45.7

46.3

˗1.3

350

15.0

15.7

4.6

Characterization data of Ce-CP crystal structure: To identify the Ce-CP structure, which
does not match with the existing structures in the crystallographic database (The Cambridge
Crystallographic Data Centre (CCDC)). In addition, the fabrication of Ce-CP single crystals
through vapour and layer diffusion methods was unsuccessful. However, all attempts resulted
in the formation of polycrystalline Ce-CP.

Therefore, based on the obtained chemical
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composition of (Ce(OH)2(TCA)2·2H2O), and achieved X-ray (1) and neutron (2) diffraction
patterns, a Rietveld refinement (using program package FullProf [59]) was performed,
combining all three datasets in order to increase the level of information.

The lattice

parameters, atomic positions and zero shift parameters were refined. A good fit was obtained
for both X-ray and neutron diffraction patterns of Ce-CP (Figure C4.9 and C4.10). However,
the interpretation of the obtained structure from a physical point of view was challenging due
to the uncertainty in the location of lighter elements especially H (Figure C4.11), while the
positions of Ce atoms as well as the lattice parameters were found to be very close to that of
experimental data. The structural information of the fitted structure is given in Table C4.4.

Figure C4.9:

Rietveld-refined X-ray diffraction pattern of Ce-CP.
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Figure C4.10: Rietveld-refined neutron diffraction patterns of Ce-CP at wavelength of 1.63 Å
(bottom) and 2.41 Å (top).
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Figure C4.11: Schematic of refined structure from XRD and ND data.

Table C4.4:

Crystal data obtained from Rietveld refinement of XRD and ND data

symmetry_cell_setting………………….………………………………………….Triclinic
symmetry_space_group_name_H-M…………………………………………………..'P -1'
symmetry_space_group_name_Hall……………………………………………………-P 1'

cell_length_a……………………………………………………………………13.0836(14)
cell_length_b………………………………………………………………….13.1843(15)
cell_length_c………………………………………………………………….11.0715(13)
cell_angle_alpha…………………………………………………………………...81.195(7)
cell_angle_beta…………………………………………………………………….93.210(7)
cell_angle_gamma………………………………………………………………..112.932(6)
cell_volume……………………………………………………………………...1738.1(3)

Atomic coordinates and displacement parameters
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loop_
_atom_site_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_occupancy
_atom_site_adp_type
_atom_site_type_symbol’

Ce1
Ce2
Ce3
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
O21
O22
O23
O24
C1
C2

0.6005
0.6505
0.4025
0.6599
0.3959
0.6379
0.46510
0.2069
0.49910
0.0529
0.2099
0.2969
0.8379
0.4319
0.7529
0.3589
0.2169
0.5299
0.8829
0.1869
0.0869
0.0339
0.7879
0.7858
0.4879
0.6239
0.1149
0.8397
0.0289

0.2265
0.2525
0.3805
0.0548
0.5709
0.6819
0.7389
0.09510
1.04610
0.32712
0.8278
0.09110
0.94210
-0.1309
0.5329
0.1159
0.6289
0.2069
0.6068
0.44510
0.5729
0.7249
0.21710
0.0549
-0.02210
-0.1068
0.94510
1.0609
0.9678

0.6716
0.2096
0.8046
0.8549
0.48610
-0.09710
0.59110
0.86810
0.86413
0.94613
0.37910
0.16110
0.09410
0.98111
0.27110
0.55510
0.15110
-0.12410
0.58711
-0.10210
0.95411
0.23011
0.22510
0.24310
0.87612
0.23310
0.46310
0.9979
0.3969
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Cl1
Cl2
Cl3
Cl13
Cl14
Cl15
C3
C4
C11
C12
Cl4
Cl5
Cl6
C5
C6
Cl7
Cl8
Cl9
Cl16
Cl17
Cl18
C7
C8
C9
C10
Cl10
Cl11
Cl12
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18

0.8245 0.3306
0.0256
0.2736 0.4625
0.1936
0.9005 0.3925
0.3506
0.0425 0.6155
0.3736
0.9675 0.2015
0.3396
0.0305 0.3986
0.1577
0.5399 0.99410 0.24810
0.8798 0.9547 0.3779
0.53011 0.9879 0.3039
0.8968 0.2137 0.0038
0.9195 0.9385
0.8006
0.1576 0.2576
0.6977
0.2456 0.9425
0.5536
0.2909 0.8518 0.9789
0.6298 0.9178 0.6629
0.4416 -0.0495
0.5146
0.7245 0.3655
0.5286
0.2776 0.7986
0.1506
0.6406 -0.0725
0.0606
0.5026 0.7955
0.7555
0.4655 0.1746
1.0026
0.6618 0.1148 0.2989
0.3269 0.9639 -0.0539
0.7397 0.3887 0.2789
0.4488 0.2788 -0.0069
0.2726 0.1515
0.3786
0.9635 0.8885
0.0466
0.6386 0.4035
0.0466
0.91415 0.67917 1.04200
0.85114 0.37413 0.53916
0.81217 0.61516 0.25416
0.60414 0.07413 0.97717
0.90715 1.02413 0.70519
0.02815 -0.03814 -0.00617
0.84514 0.60113 0.76117
0.49613 0.98516 0.60818
0.57514 0.98816 0.13017
0.29813 0.47713 0.02415
0.11713 0.21114 0.75416
0.89314 0.13514 0.46314
0.09315 0.67414 0.76214
0.25514 0.39615 0.62116
0.39615 -0.01815 0.64817
0.54215 0.91814 1.00018
0.73515 0.14515 0.92117
0.68913 0.92014 -0.01318
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In order to obtain a physically meaningful structure, the refined lattice by the Rietveld method
was used as a guideline (particularly the lattice parameters and Ce position) for density
functional theory and subsequent ab initio molecular dynamics calculations. To draw an
approximate picture of the coordination environment around cerium atom in the Ce-CP
structure, a small stoichiometric supercell was used comprising of Ce(OH)2(TCA)2.2H2O with
a sixth of the volume of the refined experimental structure (Figure C4.11). We exhaustively
compared many coordination possibilities such as Ce being coordinated with TCA’s Cl and O
atoms. The relaxed structure of the most stable coordination is shown in Figure C4.12. it was
found that Ce was coordinated by seven O atoms; two from the OH group, two from each of
the water molecules, and three from the two TCA molecules. Then the geometry obtained in
Figure C4.11 was used to fill the six distinct lattice points of the experimentally refined P1
structure. To find the ground state configuration of a larger supercell, a quenching ab initio
molecular dynamics simulations based on a micro-canonical ensemble with a target
temperature of 20 K with steps of 0.1 fs for 10 ps was ran. The molecular dynamics simulation
was effective in finding a reasonable initial structure for geometry optimization.[60] Full
geometry optimization was then carried out on the equilibrated structure, with convergence
criteria for the energy and forces of 10−6 eV and 10−2 eV/Å, respectively. The final geometry
optimization included the Van der Waals correction (vdw-DFT) based on Michaelides’s
approach [61, 62]. The schematic of the structure is given in Figure C4.13, while its structural
information is given in Table C4.5. To analyse the coordination environment of the Ce atoms
in the large supercell, the crystal orbital overlap population (COOP) was calculated using
LOBSTER code [63, 64]. The bonds connected to Ce atoms were identified by counting all
pairs with positive integrated COOP with Ce at one end. Positive integrated COOP values
demonstrate that bonding orbitals between Ce and ligands were occupied. It was found that all
such bonds were formed between Ce and O. Each Ce atom was found to have bonds with eight
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neighbouring O atoms at an average bond length of 2.61 Å. Six of the Ce-O bonds were found
to be rather weak judged by large bond lengths approaching ~3 Å and meagre integrated COOP
values at an average of 0.05. Some of these bonds may break at room temperature due to
thermal fluctuations. As a result, the average coordination number of Ce atom at room
temperature is predicted to be between seven and eight, matching exactly the XPS and TGA
results shown in Figures C4.7 and C4.8. Figure C4.14 compares the low angle peaks of the Xray diffraction pattern of experimental Ce-CP, Rietveld refined structure and ab initio
molecular dynamics simulated structure. As seen, the final optimized structure reproduces the
main diffraction peaks at low angles centred at 7.34982° and 813390° with reasonable
accuracy. It should be noted that the low resolution of the XRD measurement limits the use of
the experimental diffraction pattern for evaluating the DFT optimized structures.
Consequently, comparison with the measured pattern can only evaluate the position of larger
atoms, whereas finer details such as the H-bond network and the position of hydrogens can
barely be assessed based on this comparison [63, 65].

Figure C4.12: The relaxed structure of the smallest possible Ce-CP unit cell used as the building block
for constructing a more realistic structure model.
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Figure C4.13: The final relaxed structure of Ce-CP unit cell.

Figure C4.14: Comparison of X-ray patterns of experimental, Rietveld refined, and ab initio MD
simulated structures.

Table C4.5: Crystal data obtained from ab initio geometry optimization

symmetry_cell_setting

Triclinic

symmetry_space_group_name_H-M

'P -1'

186

symmetry_space_group_name_Hall

'-P 1'

cell_length_a

13.0836(14)

cell_length_b

13.1843(15)

cell_length_c

11.0715(13)

cell_angle_alpha

81.195(7)

cell_angle_beta

93.210(7)

cell_angle_gamma

112.932(6)

cell_volume

1738.1(3)

Atomic coordinates and displacement parameters
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
O1
O2
O3
O4
O5
O6
O7
O8
O9

0.56104
0.22733
0.64398
0.52245
0.62572
0.64889
0.48504
0.48783
0.79574

0.88831
0.44109
0.79267
0.25412
0.32240
0.13287
0.56295
0.40246
0.71277

0.24802
0.19882
0.49433
0.20137
0.45520
0.03088
0.37019
0.04051
0.16151
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O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
O21
O22
O23
O24
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
Ce1
Ce2
Ce3
Cl1
Cl2
Cl3
Cl4
Cl5
Cl6
Cl7
Cl8
Cl9
Cl10
Cl11
Cl12

0.94129 0.74983
0.59301 0.58006
0.03896 0.36760
0.39470 0.38803
0.38673 0.58204
0.34907 0.63559
0.67349 0.00429
0.51241 0.07717
0.44554 0.80003
0.03622 0.69683
0.68090 0.74596
0.17619 0.64251
0.01357 0.08421
0.71450 0.46388
0.72107 0.55807
0.66349 0.76596
0.09140 0.07044
0.64664 0.25935
0.52982 0.94727
0.64354 0.92812
0.67072 0.87574
0.50181 0.84612
0.41920 0.39112
0.32180 0.39939
0.67852 0.61889
0.51505 0.34352
0.56691 0.51773
0.41206 0.56055
0.28340 0.58024
0.57348 0.10152
0.32929 0.51146
0.91941 0.74661
0.46191 0.56702
0.55253 0.41600
0.51433 0.71388
0.27651 0.67594
0.40344 -0.01663
0.38147 0.18970
0.89228 0.16224
0.24655 0.27451
0.27398 0.05108
0.00933 0.20030
0.72974 0.25334
0.85760 0.30502
0.13342 0.17083
0.87841 0.92084
0.99305 0.89950
0.79974 0.97355

0.42943
0.13985
0.15570
0.23527
0.05332
0.27008
0.42884
0.18452
0.49203
0.14770
0.28420
0.10461
0.03480
0.23253
0.39056
0.42071
0.02118
0.49469
0.23439
0.25518
0.47617
0.42812
0.14440
0.23204
0.14122
0.08042
0.08602
0.32834
0.23471
0.10782
0.09421
0.51579
0.45611
0.35071
0.15791
0.43731
0.42049
0.41215
0.32820
0.05182
0.21744
0.06443
0.25829
0.48123
0.28827
0.39704
0.19823
0.15359
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Cl13
Cl14
Cl15
Cl16
Cl17
Cl18
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12

0.15636
0.33714
0.15772
0.94154
0.13841
0.93847
0.79325
0.48363
0.38693
0.77763
0.13477
0.14127
0.86826
0.69833
0.13382
0.20942
0.76885
0.88200

0.80914
0.85235
0.99037
0.59542
0.48364
0.48024
0.20187
0.14888
0.09307
0.76910
0.36618
0.25734
0.88131
0.10136
0.69980
0.76346
0.51835
0.52918

0.36132
0.19063
0.49594
0.45704
0.41706
0.24626
0.38330
0.23000
0.32146
0.23442
0.16898
0.14999
0.25539
0.45379
0.16174
0.25001
0.32038
0.34364
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Figure C4.15: Raman spectra of Ti-CP.

Figure C4.16: Raman spectra of Zr-CP.
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XPS results for CeO2-x holey nanosheet:

Figure C4.17: XPS results for 3d orbital of Cerium and 1s orbital of oxygen in CeO2-x holey
nanostructure.

Holey TiO2 nanosheet

Figure C4.18: TEM characterisation of TiO2 holey nanosheet. (a-c) TEM images of ultrathin holey
TiO2 nanosheet along with corresponding (d) SAED pattern of TiO2 nanosheets.
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Figure C4.19: EDS elemental mapping of TiO2 holey nanosheet. (a) Bright field TEM image of TiO2
(derived from Ti-CP nanosheet). (b) EDS spectra and EDS elemental mapping images of (c) carbon,
(d) titanium and (e) oxygen.

Raman data for TiO2 nanosheet: Raman spectra collected from TiO2 nanosheet is shown in
Figure C4.20. According to the group theory, there are four predominant peaks attributed to
TiO2 with Raman-active modes of Eg (~144 cm−1), B1g (~397 cm−1), B1g/A1g (~516 cm−1) and
Eg (~639 cm−1)[66]. Therefore, Raman spectra of the sample show anatase (tetragonal) TiO2,
however slight shifts are observed in the positions of the assigned peaks. Particularly, the peak
with the highest intensity is blue-shifted to 153 cm−1. Similarly, the B1g and Eg bands also
appeared at positions different from the expected frequencies of 397 and 639 cm−1,
respectively. The asymmetric broadening and the observed shifts of the peaks can be explained
by the phonon confinement phenomenon, which occurs by decreasing the crystal size to nanoscale [67]. Similar Raman data have been reported for ~2 nm TiO2 particles in anatase [68].
The nanosheets in this work have a holey structure composed of nanosized crystallites with
diameters of 2-4 nm (shown by the high-resolution TEM images in Figure C4.18), which can
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justify these slight shifts. Furthermore, a minor wide peak positioned at 690 cm-1 can be
attributed to rutile TiO2-x.

Figure C4.20: Raman spectrum of TiO2 nanosheets. (black) and corresponding fits for vibrational
modes of anatase (blue) and rutile (red) phases.

XPS data for Ti-CP and TiO2 holey nanosheet: The XPS peak related to the 1s orbital of
carbon for both Ti-CP and TiO2 are shown in Figure C4.21. The peak positioned at 248.8 eV
is attributed to the C-C bond of either the sample composition or the adsorbed contaminant on
the surface of the sample [69]. The peak positioned at 286 eV is ascribed to the C-O-C bond
of formic acetate, the concentration of which is measured to be 9.70 at% by calculating the
corresponding peak area. However, this amount dropped to only 2.20 at% by transformation
into TiO2 nanosheet. Further, the peak at 288.5 eV corresponds to the O-C=O bond of formic
acid, the atomic percentage of which decreases by ~13 times from 10.36 at% in Ti-CP to 0.80
at% for TiO2. The removal of formic organic linker through TiO2 fabrication is also confirmed
by investigation of the oxygen-related XPS peaks (Figure C4.22). The peak positioned at 532.1
eV is for 1s orbital of organic oxygen. However this peak disappeared in oxygen-related
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spectra of TiO2. The two predominant peaks for 1s orbital of oxygen are O-Ti4+, and O-Ti3+
positioned at 530.0 eV and 531.85 eV, respectively.

Figure C4.21: XPS results for 1s orbital of carbon in both Ti-CP and TiO2 nanostructure.

Figure C4.22: XPS results for 1s orbital of oxygen in both Ti-CP and TiO2 nanostructure.
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Zr-CP and ZrO2 Nanosheets

Figure C4.23: Microstructural analysis of Zr-CP. (a) SEM image of Zr-CP nanosheets. EDS elemental
mapping images of (b) zirconium, (c) oxygen, (d) carbon.

ZrO2

Figure C4.24: TEM characterisation of ZrO2 holey nanosheet. (a-c) TEM images of ultrathin holey
ZrO2 nanosheets obtained by exfoliation of Zr-CP in DI water at room temperature. d) SAED pattern
of ZrO2 nanosheet revealing the polycrystalline nature of nanosheets.
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Raman data for ZrO2 nanosheet
The Raman spectra of zirconia nanosheets and the associated fits (reproduced by a set of eight
Lorentzian bands corresponding to the most obvious vibrational modes) are shown in Figure
C4.25. The bands appeared at ~195 and ~450 cm-1 are attributed to the Ag vibrational modes
of Zr-Zr and Zr-O for monoclinic zirconium oxide [70] while the broad lines consisting of two
peaks at 180 and 240 cm−1 as well as the most predominant peak positioned at 550 cm−1, are
assigned to the presence of the cubic phase [71, 72]. Therefore, the Raman data indicates the
co-existence of the tetragonal and cubic phases in the zirconia nanosheets.

Figure C4.25: Raman spectrum of zirconium oxide nanosheets (black) and corresponding fits for
vibrational modes of monoclinic (blue) and cubic (red) phases.

XPS data for Zr-CP and ZrO2 holey nanosheet
The transformation of Zr-Cp into ZrO2 has also investigated by XPS analysis, as shown in
Figures C4.26 and C4.27. The XPS peaks related to the 1s orbital of carbon for both Zr-CP
(below) and ZrO2 (top) are shown in Figure C4.26. The unavoidable peak positioned at 248.8
eV is attributed to the C-C bond, which mainly originates from adsorbed contaminant on the
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surface of the sample [69]. The peaks at 286.0 and 288.5 eV are related to the C-O-C and OC=O bonds of the formic acetate bonded to Zr. The total atomic percentages of these two peaks
were measured to be 23.14 at% for Zr-CP that has decreased to 3.87 at% for ZrO2. It should
be noted that the peak at 286.0 eV can be attributed to the presence of CO3 owing to the surface
bonding between CO2 of air, owing to the exposure to air, and surface oxygen of the sample
and therefore, the surface bonding with CO2 of air. This bonding is confirmed by the XPS
results obtained from 1s orbital of oxygen as shown in Figure C4.27. The organic peak at 532.0
eV in the Zr-CP is removed in ZrO2 related XPS spectra. Further, the small peak of Zr4+-O
appearing at ~530 eV for Zr-CP has increased dramatically for ZrO2. Interestingly, in ZrO2,
the peak at 531.6 eV, which is attributed to the O-Zr3+ occupies 27.0 at% of the total oxygen
concentration in ZrO2 revealing that defective ZrO2 is formed. It should be noted that the peak
positioned at 533.2 eV is related to the oxygen of adsorbed water, as reported previously [26].

Figure C4.26: XPS results for 1s orbital of carbon in both Zr-CP and ZrO2 nanostructure.
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Figure C4.27: XPS results for 1s orbital of oxygen in both Zr-CP and ZrO2 nanostructure.

Figure C4.28: XPS valence measurement of (a) holey CeO2-x nanosheet, (b) FCO, (c) NCO, and (d)
ZCO.
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Figure C4.29: Tauc plot for a) holey CeO2-x nanosheet, b) FCO, c) NCO, and d) ZCO.

Photocatalytic activities of CeO2-x based TMO heterojunction nanostructures
The room temperature photoluminescence (PL) emission of the CeO2-x and the heterojunction
structures are shown in Figure C4.30. The PL spectra for CeO2-x nanosheet show two small
and broad emissions with a wavelength of 426 nm (blue emissions) and 510 (green emissions).
The former is attributed to the F++ → 4f1 transition, as the F++ state is just below the 4f0 band
acting as an electron trap and 4f1 state acts as a hole trap [73]. However, the latter, originates
from the presence of Ce3+ as a hole trap state, and oxygen vacancy as an electron trapping state.
The radiative recombination of these two traps leads to the excitation at the wavelength of 510
nm. The low PL intensity of these two emissions for CeO2-x nanosheet, compared to the
reported CeO2 nanostructures, again confirms the short diffusion pathways for charge carriers
and hence reduction of radiative recombination.
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As for FCO, the intensity of the peaks decrease towards zero, indicating minimal electron/hole
recombination, owing to the rapid charge carrier separations through very short diffusion
routes. The broad emission band positioned at ~450 nm originates from the surface oxygen
vacancies [74], confirming the high concentration of oxygen vacancies in atomically thin CeO2x

holey nanosheet. Adding NiO and ZnO resulted in a considerable reduction of near band

edge UV emission peaks while the shift towards the deep-level (DL) emissions within green
wavenumber. This reduction can be attributed to the sp–d exchange interactions between the
band electrons of the localized d electrons of the Ni2+ and Zn2+ and CeO2-x nanosheet [75].
Further, the high intensity of the DL emission shows increasing defect concentrations in both
NCO and ZCO. The increase in the defect concentration is also confirmed by determining the
trapping sites from XPS valence band results (Figure C4.28).

As for NiO, The green emission band at 560 nm is attributed to the defects in the NiO lattice,
e.g., Schottky pair defects, interstitial oxygen trapping, and nickel vacancies produced by
charge transfer between Ni2+ and Ni3+ ions [74]. For ZCO, the small and broad emission peaks
positioned at 390 nm is attributed to the recombination of the free excitons through an exciton–
exciton collision process [76], which is insignificant for all the heterojunction nanostructures.
The weak and broad blue emission band at ~460 nm is a deep level emission (DLE) originating
from the oxygen vacancies or interstitial zinc ions of ZnO nanomaterials. A broad green
emission band was observed at 550 nm for all ZnO nanomaterials which may be ascribed to
the existence of defects such as singly ionized oxygen vacancies [76, 77].
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Figure C4.30: Photoluminescence spectra of CeO2-x (red), FCO (black), NCO (blue), ZCO (green).
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Chapter 5 Directed Assembly of Coordination Polymers into
Multidimensional Architectures
Note: The data in the present chapter is under review in Journal of Materials Chemistry A, where the
author of present thesis is the main contributor and corresponding author (Sajjad S. Mofarah, Esmaeil
Adabifiroozjaei, Yuan Wang, Hamidreza Arandiyan, Raheleh Pardehkhorram, Yin Yao, M. Hussein N.
Assadi, Rashid Mehmood, Wen-Fan Chen, Constantine Tsounis, Jason Scott, Sean Lim, Richard
Webster, Vicki Zhong, Yuwen Xu, Pramod Koshy, and Charles C. Sorrell).

5.1

Overview

The architecture of nanostructures is of great importance for both fundamental and practical
applications [1-3]. This importance originates from the direct impact of nanoscale geometry
and the associated surface chemistry on the intrinsic properties of materials, including exposed
facets, adsorption energies, and density of active sites, which are relevant to energy and
environmental applications [4]. Conventional strategies can be applied to tune the architecture,
to some extent, although these approaches typically involve multistep processes that require
suitable surfactants, modulators, templates, and specific fabrication parameters [5-8]. These
complexities, their associated costs, and poor reproducibility have led to the need to develop
materials and processes capable as alternatives to overcome these shortcomings. A novel
strategy of increasing attention is based on the post-treatment transformation of precursortemplate coordination polymers (CP), including metal-organic frameworks (MOF) [9-12].
Using this method, metal oxides (MO) or carbon-based materials can be obtained [13, 14].
Although this yields MOs of improved functionalities, the existing method is of low-yield and
costly, is multistep and complex in terms of processing, and requires high temperatures. More
importantly, the architectures of the resultant MO are limited to those of the precursor CP,
which are retained following post-treatment [9, 15, 16]. Thus, only one MO nanostructure can
be obtained for each morphology of the CP precursor.
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The present chapter reports the development of a versatile strategy by which a metal-based CP
(MCP) with high instability of the bonds between metallic nodes/clusters and their coordinated
linkers is used as precursor to synthesise unprecedented MO architectures with high levels of
functionality. The success of this strategy is confirmed by the synthesis of a new and unstable
cerium-based coordination polymer (Ce-CP) using a modified electrochemical approach.
Taking advantage of the instability of the Ce-CP, controllable disassembly/reassembly of the
Ce-CP was carried out in a polar solvent (ethanol), resulting in the formation of distinctive CeCP architectures through control of the kinetics of the reassembly process. Simple posttreatment by low-temperature pyrolysis and/or aging in alkaline solution resulted in the
formation of defect-rich CeO2-x in the form of 2D and 3D nanostructures. This strategy
provides a rapid, simple, template-free, precisely controllable, and economical strategy to
synthesise MOs of specific architectures. This process also has the potential to be extended to
numerous metal complexes that can be designed to engineer novel functional materials for
energy and catalysis applications.

5.2

Results and Discussion

To synthesise CeO2-x nanostructures, the Ce-CP precursor was fabricated using a modified
chronopotentiometric deposition in aqueous solution at room temperature. The schematic of
the synthesis process (Figure 5.1(a)) indicates that free-standing Ce-CP hexagonal rods are
grown on FTO substrate. A critical factor in fabricating the Ce-CP deposition was applying
a high current density within water oxidation range, where a vigorous oxygen bubbling
creates an oxidised atmosphere and acidic pH at the surface of the working electrode and
adjacent regions. The proposed chemical reactions towards the formation of Ce-CP are
provided in Equation C5.1-6. The details for structural analyses of the Ce-CP are shown in
Figures C5.1-6. X-ray diffraction (XRD) pattern of the Ce-CP powder was also indexed to
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triclinic Ce(OH)2(C2O2Cl3)2·2H2O, space group P1 (Chapter 4). The Ce-CP structure was
investigated to be fairly stable upon exposure to air even 6 months after the deposition.
However, the Ce-CP exhibited high instability on exposure to polar solvent like ethanol, as
shown in Figure 5.1(b), step 1.
The molecular structure of the hexagonal Ce-CP rod consists of eightfold-coordinated cerium
ions (Figure 5.1(c)), where the coordinating oxygen ions are linked by trichloroacetic acetate
(TCA) ligands (four), hydroxyl ions (two), and water molecules (two). Additionally, cerium
ions are bridged together by covalent bonding with carboxylic groups of the TCA ions, hence
forming a two-dimensional (2D) substructure.

However, there are weak electrostatic

interactions at the interlayer spaces of the 2D Ce-TCA substructure leading to the formation
of a stratified structure.
The Ce-CP structure, upon exposure to ethanol, is disassembled readily forming a paleyellow transparent solution (Figure 5.1(d, e)). The high instability and resultant rapid
disassembly of the Ce-CP is largely a result of the retention of the Ce ions in the 4+ valence
state [17]. The aqueous solution conditions, which were used to fabricate the Ce-CP,
achieved the highly acidic conditions of pH ~2-3, thereby yielding Ce(OH)22+ as the
predominant species [18]. According to the Ce-related speciation diagram, this species is a
solute that is stable at these pH conditions but unstable at higher values [17]. Therefore, the
Ce(OH)22+ is not formed under typical aqueous processing conditions. The coexistence of
unsaturated coordination bonds in positively-charged Ce(OH)22+ along with the negativelycharged bidentate TCA, as the organic linker, led to the synthesis of Ce-CP with unique
layered structure.
By recrystallisation of the Ce-CP from ethanol, this local bonding configuration and thus the
presence of Ce4+ is retained, thereby enabling the re-formation of the Ce-CP (Figure 5.1(f,
g)), while the design of the final architecture can be tailored through controlling the kinetics
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of the solvent evaporation and the Ce-CP solute concentration. To the best of our knowledge,
this is the first reported work on a design strategy without a template conducted at low or
room temperatures which gives a precise controllable assembly of nanostructures into
unprecedented architectures that are not possible through pre-existing techniques.

Figure 5.1: Schematics showing of Ce-CP synthesis and diassembly/reassembly procedure. (a)
chronopotentiometric electrodeposition of solid Ce-CP hexagonal rods under electrolysis conditions; b)
dissolution of Ce-CP hexagonal rods and recrystallisation of Ce-CP hollow pseudo-octahedra. (c)
Structures of Ce-CP (left), solutes in ethanol solution (centre), after recrystallisation (right). Large
yellow spheres = Ce4+, small green spheres = C4+, small black sphere = H+, small blue spheres = O2–,
small red spheres = Cl–.

Although the creation of nanoholes in 2D materials has shown to considerably improve its
functionality, owing to enhancement of the number of active sites and short diffusion
pathways [19], there is no reported work on a strategy to form CeO2 holey nanosheets, and
more importantly, with controllable thicknesses.
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In this work, holey ultrathin CeO2-x nanosheets with various thicknesses were achieved by
imposing the conditions of the slow kinetics of ethanol evaporation at the low temperature of
–10°C and vapour pressure (VP) of 744 Pa. As illustrated in the schematic for a Ce-CP
monolayer in Figure 5.2(a), these conditions resulted in the formation of individual Ce-CP
layers. A relevant bottom-up 2D growth mechanism has been proposed by Wang et al. [20,
21], in which zinc hydroxyl dodecylsulfate nanosheets were synthesised at the water/air
interface using the surfactant sodium dodecylsulfate in aqueous solution. The polarity of the
surfactant caused the positively-charged Zn ions in solution to be attracted electrostatically
to the negatively-charged hydrophilic –SO3– group of the surfactant, while the hydrophobic
–CH3 group of the surfactant projects above in air. In contrast to the work by Wang et al.
[20, 21], which used separate solvent and surfactant, the mechanism illustrated in Figure
5.2(b) involves surface-assembly of Ce-CP at the ethanol/air interface, where ethanol has
dual functionality as both solvent and surfactant in this bottom-up 2D process. The alignment
of the positively-charged hydrophobic –CH3 groups of ethanol projecting in air establishes a
negatively-charged layer consisting of hydrophilic –OH groups of ethanol in the surface.
Formation of this layer provides the polar attraction to Ce4+ ions in solution and thus forms
the basis for development of a cerium-enriched electrostatic double layer.

The

commensurately aligned –COO– groups attached to the Ce4+ each contain a negative
hydrophobic tail of a –CCl3 group, the layer of which terminates the Ce-CP monolayer. This
terminal layer provides the structural and charge neutrality requirements for electrostatic
bonding to the positive –CH3 groups of ethanol on the opposite terminal layer of the Ce-CP
monolayer.
Figure 5.2(c) shows the optical image of the fragmented Ce-CP nanosheets with lateral sizes
of a few hundred microns. Figure 5.2(d) shows an atomic force microscopy (AFM) image
of a representative nanosheet collected from the ethanol/air interface after 48 h of ethanol
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evaporation at –10°C. The associated height profile shown in the inset of Figure 5.2(d)
reveals a consistent thickness of ~48 nm. The transmission electron microscopy (TEM) and
corresponding selected area diffraction (SAED) patterns confirm the presence of Ce-CP
nanosheets with polycrystalline structure (Figure 5.2(e, f)). Besides, elemental mapping was
done by energy dispersive spectroscopy (EDS), shown in Figure 5.2(g-j), in which the
predominant elements were identified to be Ce and Cl. These nanosheets can be transferred
easily to a glass substrate using van der Waals exfoliation technique [22].

Figure 5.2:

(a) Schematic showing the formation of Ce-CP monolayer at ethanol/air interface:

Ce4+(green), –OH group of ethanol (purple), –COO– group of TCA (blue), and –CCl3 group of TCA
(red). (b) schematic of monolayer and stacking arrangement (residual –OH and H2O in are omitted from
Ce-CP and solution volume for simplicity). (c) optical microscopy image of Ce-CP nanosheets. (d)
AFM image of Ce-CP nanosheet and index corresponding to height profile. (e) low magnification TEM
image of Ce-CP nanosheets. (f) SAED pattern of Ce-CP nanosheet. (g-j) EDS mapping of the Ce-CP
nanosheet with (g) cerium. (h) oxygen; (i) chlorine. (j) carbon elements.
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During the formation of Ce-CP nanosheet, continual evaporation of ethanol provides the
chemical gradient for the migration of more Ce4+ toward the surface, whether the monolayer
is permeable or not. In this way, multiple monolayers can stack together to form sheets with
a wide range of thicknesses, as shown in Figure 5.3(a-e), where Ce-CP sheets with the
thickness in the range from extremely thin (10 nm) to thick (100 nm) were synthesised during
6-72 h reassembly time. Further, the thickness variation as a function of evaporation time is
plotted in Figure 5.3(f), providing a semi-linear trend to controllable fabrication of
nanosheets with precisely tailored thickness.

Figure 5.3: AFM image and corresponding height profile of the Ce-CP nanosheets printed from the
surface of the ethanol at different evaporation times. (a) 12 h, (b) 24 h (c) 36 h (d) 48 h, and (e) 72
h.

The Ce-CP transformation into CeO2-x was carried out by aging the Ce-CP nanosheets in
strongly basic solution (6 M NaOH) at room temperature followed by heating at 200°C. As
a result, the 2D morphology was retained, but widespread nanohole formation also occurred.
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Figures 5.4(a) and (b) show high angle annular dark-field (HAADF) images of the holey CeO2x

nanosheet. The polycrystalline nature of the CeO2-x is confirmed by the SAED pattern in

inset Figure 5.4(b). The high-resolution HAADF Image of the nanosheet (Figure 5.4(c))
illustrates crystallites, with sizes in the ranges of 4-6 nm, and intercrystallite holes of up to 14
nm.
In addition, there are strong chemical bonds between the single crystallites owing to the crossfringed lattices [23]. Figure 5.4(d) shows X-ray photoelectron spectroscopy (XPS) spectra of
the holey CeO2-x nanosheet that indicates coexistence of both Ce3+ and Ce4+ oxidation states in
the CeO2-x.

The presence of Ce3+ reflects the oxygen vacancy defects (

••

), which is

considered as an active site in catalysts [17, 24]. The density of oxygen vacancies ([

••

]) was

quantified indirectly from the amount of Ce3+ which is discussed later. The EDS elemental
mapping of the CeO2-x is shown in Figure 5.4(e), confirming the transformation of the Ce-CP
nanosheet into holey CeO2-x nanosheet. Figure 5.4(f) shows AFM image and corresponding
height profile of a highly porous CeO2-x nanosheet derived from a Ce-CP nanosheet collected
after 12 h of evaporation.

218

Figure 5.4: (a,b) HAADF images and (b, inset) SAED image of the of holey CeO2-x nanosheet. (c)
HRTEM image of the holey CeO2-x nanosheet. (d) XPS spectra of Ce 3d orbital of Ce in holey CeO2-x
nanosheet. (e) AFM image of holey CeO2-x nanosheet. (f) AFM height profile of CeO2-x nanosheet.

The role of evaporation kinetics was investigated by rapid recrystallisation of the Ce-CP at
room temperature while the concentration remained unchanged ([Ce-CP] = ~8 M). Figure
5.5(a) shows the SEM image of a free-standing Ce-CP pseudo-octahedron. The pseudooctahedra with variable c axis length, terminated by up and down pyramids, shown in Figure
5.5(b), is a common crystal form for minerals crystallising in the monoclinic system. The
XRD pattern of the Ce-CP octahedra is similar to that of the Ce-CP rods (Figure 5.6) in that
the crystal structure remained unchanged and is unaffected by the disassembly/reassembly
process. However, the peaks for the hollow pseudo-octahedra were broadened relative to
those of the rod (Figure 5.5(c)). The difference in full-width half-maxima (FWHM) of the
XRD patterns can be explained in terms of smaller crystallite size of the hollow pseudooctahedra, relative to the Ce-CP rod. For further confirmation, the identical chemical
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structures of the Ce-CP tube and pseudo-octahedra were shown by laser Raman
microspectroscopy (Raman) and Fourier transform infrared spectroscopy (FTIR), which is
illustrated in Figure 5.6.

The transformation into CeO2-x without morphological change was carried out by aging the
pseudo-octahedra in the concentrated NaOH solution at room temperature, as illustrated by
SEM image and corresponding schematics in Figures 5.5(d) and (e), respectively. A similar
strategy has been reported previously by Zeng et al. [25], who prepared hierarchical
dumbbell-shaped CeO2 from a Ce-based MOF [25]. The XRD pattern of the CeO2-x derived
from the Ce-CP (Figure 5.5(f)) was indexed to the cubic fluorite structure of CeO2, space
group Fm3m [26]. Generally, the transformation of a CP into a metal oxide is attributed to
the replacement of weakly-bonded organic linkers by the OH– and/or H2O in aqueous
solution. For Ce-CP in aqueous solution, the relatively high field strength of Ce4+ enhances
its ability to form Ce(OH)4, which readily converts to CeO2-x upon drying [18]. The
transformation can be followed by pyrolysis at temperature of >200°C. Although this results
in concave distortion of the facets owing to removal of the residual OH– and H2O (Figure
5.5(g, h)), it results in increasing crystallinity (XRD results in Figure 5.5(i)). Further, from
the SEM image of the CeO2-x pseudo-octahedron, it was revealed that there are pores formed
on the structures (shown by magenta circles in Figure 5.5(g)). This is confirmed by the dark
field HRTEM imaging (Figure 5.5(j, k)), in which the pore clusters of ~10 nm size are
identified. The diffuse rings in the selected area diffraction (SAED) pattern (Figure 5.5(j)
inset) show the randomly orientated structure of the polycrystalline CeO2-x. The BET surface
area of the hollow pseudo-octahedra was measured to be 47.18 m2 g-1 with the pore size of
6.86 nm and the pore volume of 0.42 cm3g-1.
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Figure 5.5: Characterisation of Ce-Cp and CeO2-x pseudo-octahedon. (a) SEM image and (b)
schematic of as-recrystallised Ce-CP. (c) corresponding XRD pattern. (d) SEM image and (e) schematic
of NaOH-aged CeO2-x pseudo-octahedron. (f) Corresponding XRD pattern. (g) SEM image and (h)
schematic of CeO2-x pseudo-octahedron. (i) Corresponding XRD pattern. (j) Dark field TEM and SAED
(inset), (k) Dark field HRTEM image of CeO2-x pseudo-octahedron.
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Figure 5.6: Structural analysis of as-deposited Ce-CP and re-assembled Ce-CP. (a) XRD patterns
of Ce-CP rod synthesised by electrochemical deposition (black) and the Ce-CP octahedron obtained
by dissolution/recrystallisation method in ethanol (red), (b) HRTEM image of the Ce-CP rod (left)
and the Ce-CP octahedron (enclosed regions by yellow solid line show single crystallites, (c) Raman
spectra of the Ce-CP rod (black) and the Ce-CP octahedron (red), and (d) Fourier transform IR
(FTIR) spectra of the Ce-CP rod (black) and the Ce-CP octahedron (red).

A second key factor controlling the structural reassembly is the Ce-CP concentration. In
principle, the concentrations of the principal ions in solution determine the supersaturation
factor (S) according to the following equation:

Equation 5.1
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where CCe, CTCA, Ksp, δ are defined as the concentration of cerium cations, dissociated TCA
anions, solubility product constant, and number of ions in the complex anion (TCA),
respectively. Increasing the value of S results in a shift in the crystallisation towards 3D
structure [2], while lower value of S leads to formation of structures with lower dimensions,
e.g., 2D. According to the constant Ksp for the Ce-CP, increasing the Ce-CP concentrations is
expected to lead to the formation of 3D architectures.

Another critical factor is electrolytic dissociation (α) of the Ce-CP, which represents the
dissociation amount of the Ce-CP. This value is considered to be ~1, owing to full disassembly
of the Ce-CP in ethanol.

/

Equation 5.2

The effect of S was foreshadowed by focusing on the kinetics of nucleation/growth by
tailoring the vapour pressure of the ethanol solvent. This was shown aforementioned by
obtaining different morphologies at 25°C (hollow pseudo-octahedra) and –10°C (holey
nanosheets). That is, the significantly different VPs of ethanol at these two temperatures,
i.e., 7830 Pa and 744 Pa, respectively, indicate the presence of significant Ce-CP
concentration gradients during evaporation. Consequently, the intermediate temperature of
0°C (VP = 1568 Pa) was selected as the basis for the examination of the effect of
concentration, the results of which are illustrated in Figure 5.7. Figure 5.7(a, b) shows that
increasing the [Ce-CP] by four times (from 4 M to 16 M) caused the resultant morphologies
to alter from nanosheets to purely hollow spheres. This transformation is confirmed by SEM
image of the spheres liberated from the stacked nanosheets (Figure 5.7(c)).
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The proposed formation mechanism of the spheres is based on bloating of the nanosheets
during the evaporation of interlayer ethanol as schematically shown in Figure 5.7(d). To
confirm the proposed mechanism, the experimental conditions were designed to accelerate
the evaporation responsible for the formation of bubbles prior to sphere formation and
detachment. The 3D AFM image and corresponding height profile are shown in Figure 5.7(e,
f), respectively. The bubbles were of diameters ~600-700 nm (heights ~10-25 nm).

Figure 5.7: Formation mechanism of hollow Ce-CP spheres. SEM images of Ce-CP morphologies
synthesised at 0°C: (a) [Ce-CP] = 4 M, (b) [Ce-CP] = 16 M, (c) hollow spheres being liberated from
nanosheet; (d) Schematic showing the formation of Ce-CP hollow spheres through bubbling of the
stacked nanosheets as a result of ethanol evaporation; (e) 3D AFM image of the Ce-CP nanosheets
synthesised by two-stage evaporation at -10°C (12 h) and 15°C (0.5 h); (f) AFM height profile (black
dotted line).

Similarly, the NaOH ageing and pyrolysis at 200°C were used to transform the Ce-CP into
CeO2-x spheres. The SEM images of CeO2-x are shown in Figure 5.8(a-c) revealing the hollow
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spheres with sizes between 200 and 400 nm. The TEM images in Figure 5.8(d, e) show the
hollow structure of the CeO2-x, while the wall thicknesses of the spheres were in the range
~28-40 nm. These thicknesses are assumed to be approximately half the thickness of the
original nanosheets. HRTEM image of an individual hollow sphere (Figure 5.8(e)) is shown
in Figure 5.8(f), in which the crystallites with exposed facets of (111) and (100) are identified.
The SAED pattern of the hollow spheres, as shown in Figure 5.8(g), was indexed to CeO2
and the rings confirm the polycrystalline structure. Additionally, Figure 5.8(h, i) show EDS
mapping of Ce and O in the CeO2-x hollow spheres.
Figure 5.8(j) reveals Raman spectra of the Ce-CP and the effect of aging process on the CeO2x

derived Ce-CP. After NaOH aging, the peak at 455 cm-1 was indexed to the F2g vibration

mode of Ce and O [27], however, the asymmetric and red shift of the peak is attributed to the
presence of the

••

in the structure. This is confirmed by the three broad lower intensity

peaks which are indicative of charge-compensating

••

[27-29]. These results also confirm

the high levels of Ce3+ ions revealed by X-ray photoelectron spectroscopy (XPS) (Figure
C5.7) [29].
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Figure 5.8: Characterisation of hollow CeO2-x spheres. a) Low and (b) high magnification SEM images
of hollow CeO2-x spheres. (c) SEM image of broken hollow spheres; d) Low magnification TEM image
of the hollow CeO2-x spheres; (e, f) High magnification TEM image of the hollow CeO2-x spheres. (g)
SAED pattern of the hollow CeO2-x spheres; h, (i) EDS elemental mapping of Ce and O in the hollow
CeO2-x spheres; (j) Raman spectra of Ce-CP rods before and after NaOH ageing.

Figure 5.9 illustrates most of the nanostructures obtained as a function of [Ce-CP], where the
former series consists of the Ce-CP nanostructure, and the latter series shows the derived
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CeO2-x obtained through NaOH ageing and heating at 200°C. The morphological alteration
of the Ce-CP and consequently CeO2-x is in the order of nanosheets, hollow spheres, hollow
pseuo-octahedra, hollow elongated octahedra, and dense leaves with increasing [Ce-CP].
The model for the stacking of the multiple flat nanosheets suggested in Figure 5.2 is
supported by the presence of the ridges clearly apparent in Figure 5.9(f, g). Finally, the dense
leaf morphology shown in Figure 5.9(h) is formed as a result of the collapse of the elongated
hollow octahedral morphology shown in Figure 5.9(g). This density derives from the greater
[Ce] and consequent reduced diffusion distance. All the Ce-CP nanostructures in Figure
5.9(a-d) were generated at the low temperature of 25°C, so the driving forces for diffusion
and the achievement of thermodynamic equilibrium were low, thus favouring polycrystalline
morphologies rather than single-crystal. Consequently, the flexibility in generating the
different nanostructures suggests structural alteration through low-energy displacive rather
than high-energy reconstructive phase transformations, where the former would be enabled
by the residual organic components in CeO2-x.

Figure 5.9: SEM images of the Ce-CP nanostructures synthesised at 25°C at [Ce-CP] of (a) 4 M, (b)
8 M, (c) 40 M, (d) 120 M; SEM images of CeO2-x nanostructures synthesised at 25°C, aged in NaOH,
and heated at 200°C at [Ce-CP] of (e) 4 M, (f) 8 M, (g) 40 M, (h) 120 M.

Further morphological and structural analyses of the CeO2-x are provided in Figure 5.10(a-l).
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The proposed formation sequence shown in Figure 5.9 is based on the conversion of the
rounded hemispheres by partial faceting, driven by surface area minimisation. Following
formation of the two mated hemispheres, which include a diametral nanosheet, ridges in what
become planar facets are formed owing to fracture of the pre-aligned (stacked) monolayers
of the CP hemispheres, which are more flexible enough to form hemispheres but not to
planarise. Once the resultant mated pyramids have formed, the residual nanosheet separates
from the hollow octahedron owing to the physical stress differential between the original
circular cross section and the final square cross section.

With increasing Ce-CP

concentration, the increased tendency for precipitation on the pre-existing hollow octahedron
results in epitaxial deposition on the crystallographically aligned ridges, resulting in the
formation of the hollow pseudo-octahedron (here, the hollow part would consist of the
octahedral artefact). Here, the energy balance for deposition involves the competition from
surface area minimisation (isotropic growth of octahedron) and surface formation energy
(anisotropic epitaxial growth on the aligned ridges), where the latter dominates.

The

elongation from multiple ridges would result from cyclic precipitation, which occurred from
cyclic localised chemical gradients resulting from deposition (Ce depletion) and resultant
medium diffusion (Ce replenishment). Interior surface area minimisation would result in
extension of the original octahedral pore shape to follow the overall contours of the elongated
form. With increasing Ce-CP concentration, continued surface area minimisation results in
collapse of the elongated form, resulting in the formation of a leaf shape, the relatively
consistent thickness of which reflects the preceding elongated pore shape.

228

Figure 5.10:

SEM, TEM, HRTEM images and SAED pattern of CeO2-x derived from Ce-CP

morphologies synthesized at 0°C: (a-c) 4 M, and at 25°C: (d-f) 4 M, (g-i) 8 M, and (j-l) 120 M.

The CO oxidation was tested in order to assess the catalytic performance of the CeO2-x
nanostructures. The results in Figure 5.11 show that the CO conversion rates decrease in the
order ultrathin sheet > pseudo-octahedron > sphere > leaf. For example, at 400°C, these values
are 21.1, 12.8, 1.93 and 0.0 mol g-1 s-1, respectively. The TOF values calculated on the basis
of the CO molar ratio for each of the catalysts at this temperature (Figure 5.11(a)) show that
the ultrathin holey nanosheet (surface area = 81 m2g–1, pore volume = 0.32 cm3g-1) exhibited
the highest TOF value of 4.4 × 10-3 mol mol-1 s-1, which is 1.5 times higher than that of the
pseudo-octahedron (surface area = 47 m2g–1, pore volume = 0.42 cm3g-1), 5 times that of the
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sphere (surface area = 53 m2g–1, pore volume = 0.15 cm3g-1), and nearly 50 times that of the
leaf (surface area = 6 m2g–1, pore volume ≈ 0 cm3g-1). These results confirm that the combined
surface and pore volume reflect the density of active sites, which consist of unsaturated
coordination bonds that enhance CO adsorption [30]. Further, the polycrystalline nature of the
nanostructures is important because

••

, as point defects have been shown to be present at high

concentrations along the grain boundaries [17, 31].

The kinetics of catalysis also were characterised through Arrhenius plots (Figure 5.11(b)) in
order to determine the activation energies (Ea) for CO oxidation for the different
nanostructures. As expected, these follow in the same relative order as the CO conversion rates
and TOF values: 47 < 58 < 115 < 134 kJ/mol, respectively. It is significant to note that high
[

••

] of the CeO2 samples, obtained from quantitative analysis of XPS results in Figure C5.7,

plays an important role in the catalytic activity through facilitating the CO adsorption and
accelerating the mobility of lattice oxygen to enhance desorption of CO2 [32, 33].

Figure 5.11:

Catalytic performances of CeO2-x nanostructures. (a) CO conversion rate and TOF

values for CO oxidation, (b) Arrhenius plots for the oxidation of CO over the samples.

Further, the photocatalytic performance of the CeO2-x morphologies was investigated initially
by photodegradation of a standard dye (methylene blue (MB)), which is a benchmark for
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quantification [34], during 100 mW/cm2 of irradiance at AM 1.5 G solar illumination. The
maximal intensities of the absorbance peaks, at 664 cm-1, were used as the bases for the
comparative assessment, the data for which are shown in Figure 5.12(a). Figure 5.12(b) also
reveals that there are three levels of performance for the dye degradation: high (84% holey
nanosheet), medium (55% pseudo-octahedron, 40% sphere), and low (16% leaf). These data
are in agreement with the CO oxidation activities, suggesting the predominant roles of surface
area and pore volume in catalytic activities.
The kinetics of degradation by the holey nanosheets, plotted in terms of absorbance (A) for
the ratio between time t (At) and initial time (A0) against the irradiation time, are shown in
Figure 5.12(c). The rate constant (k) of the degradation was determined to be 0.014 min-1,
which can be contrasted with the only other published values obtained under similar test
conditions, namely 0.003 min-1 [35] and 0.012 min-1[36]. The observed high efficiency for
pure CeO2-x is attributed to two principal factors. First, the holey and thin nanostructure
provided ready accessibility of the charge carriers to the active sites owing to the short
diffusion distances from the bulk to the surfaces, thus yielding reduced charge carrier
recombination times. Second, the XPS data reveal the high areal densities of active sites
through the high calculated

••

values (Figure C5.7), which have been determined to be the

relevant active sites [37].
Figure 5.12(d) illustrates a range of published values for photodegradation tests conducted
for different pure and hybrid CeO2-x morphologies of variable sizes (Table C5.1). The
superiority of the holey nanosheet morphology is demonstrated by the extent of degradation.
Table C5.1 provides comparative data for the present work and other equivalent studies for
the effects of BET specific surface area, pore size, pore volume, crystallite size, and [

••

]

on the photodegradation of different CeO2 morphologies. Analysis of the collected data
reveals that different CeO2 morphologies, with crystallite sizes ≤20 nm, showed BET
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specific surface areas ranging from 2-65 m2g–1, and photodegradation extents in the range
~4-70%. These values may be contrasted with those for the holey nanosheet, which
exhibited crystallite sizes in the range 4-8 nm, specific surface area 81 m2·g–1, and
outstanding performance of 77% photodegradation. The latter is the best performance for
CeO2-x yet reported. Comparison of the data for the present work in Table C5.1 highlights
the dominance of the effect of the accessible active sites as revealed most distinctly by the
coupled BET specific surface area and pore volume as predictor of performance.

Figure 5.12:

Photocatalytic performances of CeO2-x: (a) UV-Vis absorption spectra of MB dye

solution following 160 min irradiation for different morphologies from present work, (b) 664 nm peak
intensities based on UV-Vis absorption spectra of MB dye solution at different irradiation times for
different morphologies from present work, (c) plots of absorbance (At/A0, at time t vs initial time) and
extent of MB dye degradation as a function of irradiation time for holey nanosheet morphology from
present work, (d) comparison of photocatalytic performances under similar testing conditions for
similar types of samples from surveyed published data with equivalent data from present work for
different morphologies (Table C5.1).

232

5.3

Summary

This metal-based CP (MCP) processing strategy represents a simple, cost-effective, templatefree, and low-temperature method (≤20°C) for the fabrication of metal oxides with
unprecedented architectures. This approach involves oxidation of novel cerium-based MCPs,
which allows rapid disassembly/reassembly in the polar solvent ethanol and so yields welldefined holey 2D and hollow 3D CeO2-x nanostructures with high functionalities.
This work is the first to report the fabrication of holey 2D metal oxide with precisely
controlled thicknesses by manipulation of the kinetics of nucleation/growth of the MCPs.
The outstanding photocatalytic performances of the holey 2D CeO2-x nanostructures derive
from the short charge carrier diffusion distances and low recombination density that result
from the thin, holey, and polycrystalline nanosheets, which contain high concentrations of
active sites in the form of oxygen vacancies. This work has the potential to form the basis
for a new route for the architectural tuning of inorganic nanostructures of many metals.
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5.4

Complementary Data:

Figure C5.1:

Characterisation of as-deposited Ce-CP. (a,b) SEM and (c,d) TEM images of the

Ce-CP structure (inset shows the respective SAED pattern)

The possible chemical reactions for the formation of Ce-CP are as follows:
1. Deprotonation of TCA in water followed by dropping in pH value from 6.5 to 2.2:

CCl COOH

H O → H O

CCl COO

Equation C5.1

2. Dissociation of cerium nitrate salt in the solution resulting in the release of free Ce3+ and
nitrate anions:

Ce NO

6H O → Ce
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3NO

6H O

Equation C5.2

3. At pH = 6, the oxidation voltage for cerium was found to be 0.55 V vs. Ag/AgCl, while the
onset of water oxidation is laid at 0.8 V. Applying constant potential of 1.2 V vs. Ag/AgCl
caused a rapid generation of oxygen at the anode (FTO) surface (Equations C5.3-C5.5):

2H O → 4H

4OH

HO

→ 4H

OH

O

4e

2O

→ H O

Equation C5.3

4e

O

Equation C5.4

2e

Equation C5.5

The high production rate of oxygen molecules on the FTO substrate results in oxidation of
Ce(III) species to Ce(IV). However, during water oxidation, evolution of one-mole oxygen is
followed by formation of 4 moles of protons that results in a rapid drop in local pH and
increasing number of protons. At this condition, Ce(IV) hydroxide forms, which is in soluble
form. Additionally, owing to low pKa value of the TCA, deprotonated TCA acted as secondary
building units (SBUs), bridging Ce(IV) hydroxide species together resulting in the formation
of a novel polycrystalline Ce-CP. The corresponding equation is given below:

Ce

2OH

2TCA

2H O

Ce OH

TCA

2H O

Equation C5.6

Raman data
The Raman spectra of the Ce-CP was analysed comprehensively and indexed according to the
vibrational modes of pure TCA and CeO2, as explained below:
Most of the TCA peaks are present in Ce-CP rods indicating the presence of TCA molecule in
the structure. The peak at 214 cm-1 is ascribed to the CCl3 rock [38]. The peaks centred at 288
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is assigned to the symmetric deformation of CCl3 [39], while the peak at 430 cm-1 is attributed
to the asymmetric bending vibrations of the C-Cl3 bond [40]. Additionally, the symmetric
stretching vibrations of C-Cl3 bond in TCA delivers a peak at 688 cm-1, while the peaks for
asymmetrical stretching of the C-Cl3 bond appear at 845 and 744 cm-1 [40]. The peak
positioned at 952 cm-1 corresponds to the symmetric stretching vibration mode of the carboncarbon bond (C-C) [39]. Further comparison of the two spectra shows that Raman shifts
occurred in some of the peaks (952 cm -1 to 962 cm -1, 700 cm -1 to 740 cm -1, and 683 cm-1 to
688 cm-1), which are attributed to the alteration in vibrational modes of the TCA bonds owing
to their interactions with cerium ions [41]. Furthermore, the peak at 1746-1 for TCA, which is
attributed to the stretching vibrations of COO-, is split into two peaks at 1367 and 1662 cm-1
for the Ce-CP spectra [41]. The splitting can result from the bonding between the COO- group
of TCA and Ce cations followed by corresponding symmetric (1367 cm-1) and asymmetric
(1662 cm-1) vibrations. This is confirmed by revealing the peak at 455 cm-1, which is close to
the symmetric vibration of Ce and eight coordinated oxygen [42, 43].

Figure C5.2:

Raman spectra of Ce-CP tube (top) and TCA (bottom).
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FTIR data
The bands centred at 3620 and 3410 cm-1 show stretching vibrations of hydroxyl groups
revealing the presence of water and OH group in the Ce-CP [41]. The peaks at 1660 and 1360
cm-1 are attributed to the asymmetric and symmetric stretching mode of a carboxylic group that
is bonded to cerium cations. Also, the peaks at 1040 cm-1 and 966 cm-1 are assigned to bending
vibration of COO and symmetric vibration of C-C, respectively [44]. Similar to Raman spectra,
the peaks at 688, 744, and 845 cm-1 are attributed to C-Cl3 vibration modes.

Figure C5.3:

FTIR spectra of Ce-CP tubes.

TGA data
TGA analysis of Ce-CP under reducing nitrogen atmosphere illustrates three steps involving
removal of structural water (5.2% at ~160°C), carbon chloride (43.0% at ~220°C), and CO2
(15.8% at ~420°C) from the Ce-CP, respectively. At temperature above 420°C, the remaining
Ce-CP (35.2 wt%) transforms into CeO2.
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Figure C5.4:

TGA analysis of Ce-CP in nitrogen atmosphere.

Figure C5.5:

The experimental, refined and simulated XRD patterns. The position of H and C atoms

in the Rietveld refined structure had remained greatly ambiguous and therefore pertaining to unrealistic
lattice positions. The simulated XRD pattern was generated theoretically from the density functional
optimised structure.
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Figure C5.6:

(a) The relaxed Ce-CP structure commensurate with experimental lattice parameters.

All TCA molecules were found to remain intact. A, B, and C denote the Ce ion bonding to a TCA
molecule, a water molecule and an OH group respectively. (b)-(e) show the site projected partial density
of states of the marked Ce ion and the O ions from distinct coordinating ligands.

Since XRD cannot identify the position of lighter atoms such as H with great accuracy, a full
geometry optimisation was performed on the experimentally refined structure. The final
optimised structure which is shown in Figure C5.5 reproduces the main diffraction peaks at
low angles centred at 7.34982° and 813390° with reasonable accuracy. It should be noted
factors such as the low resolution of the XRD measurement, supercell approach of the density
functional calculations and the fact that the simulation corresponds to 0 K condition limit the
achievement of a greater match between theory and experiment.

Surface characterisation of derived CeO2-x
To quantify the [

••

] from XPS results, atomic percentages of both Ce3+ and Ce4+ were

determined using Gaussian deconvolution method. The peaks of Ce 3d for the four samples
are shown in Figure C5.7. The red filled areas represent the density of Ce3+ states. The atomic
percentages of [

••

] are 15, 19, 16, and 11 for holey 2D nanosheet, hollow octahedron,

hollow sphere and leaf CeO2-x structures, respectively.
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Figure C5.7:

XPS Ce 3d spectra for holey nanosheet, hollow octahedron, hollow sphere, and leaf

CeO2-x.
Table C5.1: Comparison of MB degradation performance for holey CeO2-x reported
surface
area
(m2/g)

Pore size
(nm)/
pore
volume
(cm3 g-1)

Material

Morphology

CeO2
crystallite
size (nm)

CeO2

Anhedron

13

15.00
x 10-6

1.0

3.9

?

CeO2-V2O5

Anhedron

11

15.00
x 10-6

1.0

30.1

CeO2

Anhedron

8

5.00 x
10-7

1.0

CeO2-CuO

Anhedron

9

15.00
x 10-6

CeO2-ZnO

Anhedron

~10

CeO2

Anhedron

11

Solids
Degradatio
[Dye]
loading
n for 2 h
(mol
(%)A
L-1) (mg mL-1)

[

••

]

(at
%)

Ref.

?

?

[45]

?

?

?

[45]

~32
(50 min)

?

?

?

[46]

1.0

34.3

?

?

?

[45]

8.00 x
10-7

1.0

~51

?

?

?

[47]

5.00 x
10-4

2.0

60
(50 min)

?

?

?

[48]
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surface
area
(m2/g)

Pore size
(nm)/
pore
volume
(cm3 g-1)

Material

Morphology

CeO2
crystallite
size (nm)

CeO2

Anhedron

~11

?

?

~64

?

CeO2

Anhedron

~11

?

?

~48

CeO2-ZrO2

Anhedron

18.5

?

?

CeO2-ZrO2

3D porous

~11

?

CeO2

Octahedron

~22

kGy
modifgiedCeO2

Octahedron

CeO2

[Dye]
Solids
Degradatio
(mol
loading
n for 2 h
L-1) (mg mL-1)
(%)A

[

••

]

(at
%)

Ref.

?

?

[36]

?

3.0/0.104

?

[49]

~60

34.30

3.0/0.104

?

[49]

?

~64

65.40

3.036.0/0.48

?

[49]

6.00 x
10-7

0.1

11

40.84

?

~13

[50]

~22

6.00 x
10-7

0.1

23

49.63

?

~17

[50]
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Sphere diameter 40 nm
RGO = reduced graphene oxide
D
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E
NP = nanoparticle
F
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Thickness range ~15-100 nm
B
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Chapter 6

Synthesis of Multiscale Mesoporous 2D-3D CeO2-x and Heterojunction

Nanostructures as Advanced Catalysts

Note: The data in the present chapter are in preparation for submission to the Journal of the American
Chemical Society (JACS), where the author of present thesis is the main contributor and corresponding
author (Sajjad S. Mofarah, Luisa Schreck, Claudio Cazorla, Xiaoran Zheng, Esmaeil Adabifiroozjaei,
Constantine Tsounis, Jason Scott, Reza Shahmiri, Yin Yao, Roozbeh Abbasi, Kourosh Kalantar-Zadeh,
Hamidreza Arandiyan, Pramod Koshy, and Charles C. Sorrell).

6.1

Overview

The creation of nanoholes in two-dimensional (2D) metal oxides (MOs) increases the density
of accessible active sites by exposing greater surface area [1-3], making the materials attractive
for surface-sensitive applications, e.g., energy and heterogeneous catalysis [4, 5]. Further, if
the holey 2D structures are polycrystalline, then the known shortcoming of irreversible
restacking of pristine 2D nanosheets can be prevented [6]. Recent advances in the synthesis of
polycrystalline holey 2D MOs include heterogeneous deposition of mixed transition metal
oxides (TMOs) on a graphene nanosheet as sacrificial template [7], as well as the synthesis of
holey TMOs by etching the template-free pristine 2D TMOs [8-10]. Despite considerable
improvements in the performances of these nanostructures, challenges, such as complex
synthesis procedures, use of surfactants and templates, excessive nanosheet thicknesses (~20
nm [11], and low yields, limit their practicabilities. Unlike TMOs, there are few reports of 2D
rare earth oxides (REOs), none of which exhibits intrinsically layered structures.
Consequently, bottom-up assembly has been applied rather than top-down exfoliation [12, 13].
CeO2-based TMO nanoparticles have exhibited promising heterogeneous catalytic
performance owing to the active sites created at the interfacial regions of the TMOs and CeO2.
As there do not appear to be any reports of ultrathin CeO2 holey nanosheets, this work reports
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a new synthesis route to fabricate macroscale mesoporous 3D nanostructures of CeO2-x and
TMO-decorated CeO2-x comprised of holey nanosheets forming hybrid 2D-3D structures.

6.2

Results and Discussion

In order to synthesize the 2D-3D CeO2-x, a cerium-based coordination polymer (Ce-CP), as the
only precursor, was fabricated electrochemically. During the deposition, free-standing
hexagonal tubes of Ce-CP were grown outwardly from a fluorine-doped tin oxide (FTO)
substrate. A top-view scanning electron microscopy (SEM) image of the Ce-CP tubes is shown
in Figure 6.1(a). A high-resolution SEM image of the end of an individual tube is shown in
Figure 6.1(b), in which the stratified nature of the Ce-CP is revealed. The X-ray diffraction
(XRD) pattern of the Ce-CP, as shown in Figure 6.1(c), was indexed to a triclinic structure
(space group P1) on the basis of the derived molecular formula Ce(TCA)2(OH)2·2H2O.
Further, the a-axis view of the Ce-CP structure is projected in Figure 6.1(d), where the Ce ions
are covalently bonded with the O ions of H2O, OH, and TCA, thereby forming layers of
thickness 11 Å. However, the terminating Cl ions of TCA at the apposite interfaces establish
electrostatic attraction to protons, as evidenced by zeta potential (ξ) measurements.
The fabrication of the 2D-3D nanostructures involves a two-step process of exfoliation of the
bulk-layered Ce-CP in polar triethanolamine (TEA) and calcination at ~450°C, as illustrated in
Figure 6.1(e). The exfoliation results in a stable colloidal system (ξ = +34 V) of individual CeCP monolayers (Figure C6.1). The calcination results in oxidation of the Ce-CP monolayers
into CeO2-x during evaporation of the TEA, followed by restacking the CeO2-x nanosheets to
form the mesoporous 3D structure of CeO2-x, as shown in Figure 6.1(f).
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Figure 6.1: Mechanism showing the formation of 3D mesoporous CeO2-x nanostructure. (a) Top-view
SEM image of hexagonal Ce-CP tubes grown outward on FTO substrate. (b) High-resolution SEM
image of end of individual Ce-CP tube with exfoliated layer. (c) XRD pattern of Ce-CP. (d) Schematic
of a-axis projection of Ce-CP, showing layers of 10.4 Å thickness. (e) Schematic of Ce-CP tubes
exfoliated in stirred TEA solution and oxidized at 450°C into thick stacked CeO2-x layers that are dense
(slow heating at 0.2°C/min) or mesoporous (rapid heating at 6.0°C/min). (f) Images of CeO2-x: (i)
Optical image after slow heating; (ii) SEM image after slow heating; (iii) Optical image after rapid
heating; (iv) SEM image after rapid heating.

The kinetics of heating played a key role in generating the nanostructures (Figure C6.2). The
low heating rate (0.2°C/min) allowed the laminar evaporation of TEA and resultant thick
stacked dense macrolayer of intact CeO2-x hemispheres. The intermediate heating rate
(1.0°C/min) resulted in a thick stacked macrolayer of discretely ruptured CeO2-x hemispheres.
The high heating rates (3.0° and 6.0°C/min) caused energetic volumetric evaporation of TEA
and resultant thick mesoporous macrolayers.
The significant role of TEA in exfoliation is highlighted by contrasting the effects of
conventional oxidation of metal-based coordination polymers (MCPs) [14-16]. Figure 6.2(ac) shows SEM images of the CeO2-x after calcination of Ce-CP nanotubes without TEA.
Although there was considerable shrinkage, the nanotubular morphology was retained and
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mesopores formed from removal of the TCA (Ce-NT). However, as shown in Figure 6.2(d-f),
the use of TEA as a dispersion and exfoliation medium followed by oxidation (6°C/min)
resulted in the formation 3D mesoporous layers comprised of clustered 2D nanosheets. The
transmission electron microscopy (TEM) and selected area diffraction (SAED) pattern of
Figure 6.2(g) show that the individual nanosheets consist of CeO2-x of holey architecture
formed by widespread nanoholes. The high-angle annular dark field (HAADF) imaging of
individual nanosheets of Figure 6.2(g) shows that the holey nanosheet is polycrystalline, with
crystallite size in the range 4-6 nm. The atomic force microscopy (AFM) image of Figure
6.2(i) shows that the thickness of a holey nanosheet was ~4.7 nm.

Figure 6.2: CeO2-x morphologies derived from Ce-CP: (a-c) SEM images of mesoporous Ce-NT from
direct oxidation of Ce-CP tube. (d-f) SEM images of hybrid 2D-3D CeO2-x following oxidative TEA
evaporation. (g) Bright-field TEM image and SAED pattern of holey 2D CeO2-x nanosheet. (h) HAADF
image of holey 2D CeO2-x nanosheet (holes outlined). (i) AFM image of thickness (step height in blue)
of holey nanosheet.
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The oxygen vacancy concentrations ([

••

]) of the mesoporous 2D-3D CeO2-x (heating rate

6°C/min) was done by X-ray photoelectron spectroscopy (XPS) using the standard correlation
with the [Ce3+] [17]. As shown in Figure 6.3(a), the [Ce3+] was calculated to be 27% ([

••

]=

13.5 at%). This figure can be contrasted with that obtained from the electron energy loss
spectroscopy (EELS) data, which are shown in Figure 6.3(b). Applying the linear relationship
between M5/M4 peak intensity ratio and the [

••

] [18, 19], a latter value of 12.8 at% was

obtained. TMO-decorated CeO2-x nanostructures were fabricated by the addition of 0.01 M
soluble metal salt (CuNO3, Mn(NO3)2) to the TEA solution containing the exfoliated CeO2-x
nanosheets, followed by evaporation and oxidation (6°C/min).

The laser Raman

microspectroscopy spectra of Figure 6.3(c) reveal the F2g vibrational mode of Ce-O at ~464
cm-1, confirming the presence of CeO2 [20]. The spectra for CuO-decorated (Cu-Ce) and MnOdecorated (Mn-Ce) CeO2-x reveal asymmetrical peak broadening of F2g peak owing to quantum
confinement effects [20, 21]. There also are two additional peaks at ~580 cm-1 and ~1147 cm1

for all three systems, which are attributed to the defect-induced mode (D) and 2nd order

longitudinal optical mode (2LO), respectively, which are associated with

••

[20, 22, 23]. The

XPS data for the TMO-decorated CeO2-x of Figure 6.3(d, e) reveal shoulder peaks (green),
which are indicative of Mn2+ and Cu2+ satellites, supporting the conclusion of the formation of
MnO (Figure C6.3, C6.4) and CuO (Figure C6.5, C6.6) and, respectively [24, 25], as confirmed
by SEM and EDS data. The Brunauer-Emmett-Teller (BET) specific surface areas (SSA) were
determined to be 51, 251, 160, and 230 m2·g-1 for the Ce-NT, CeO2-x, Cu-Ce, and Mn-Ce
nanostructures, respectively, as shown in Figure 6.3(f). The sizes and volumes of the pores
also are tabulated (Table C6.1). The decrease for Cu-Ce is revealed in the compact laminated
nanostructural forms (Figure C6.5) while the similarity for Mn-Ce is explained by the same
flower-shaped nanostructural forms (Figure C6.3) of CeO2-x.
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Structural defects also were probed by electron paramagnetic resonance (EPR), as shown in
Figure 6.3(g-i). The types of defects, including Ce3+, O2–, and Ce3+−O−−Ce4+ [26], as revealed
by the hyperfine (Figure C6.7), were distinct for the 2D-3D CeO2-x in Figure 6.3(g). Further,
the total amount of these defects, as revealed by the total broad peak areas of the second
integrals of the signal (Figure C6.8), was high. In contrast, only the Ce3+−O−Ce4+ defect was
detected for the Ce-NT and its amount was significantly less. Figure 6.3(h, i) reveals that MnCe and Cu-Ce resulted in the introduction of new defects associated with MnO and CuO,
respectively (Figure C6.9, C6.10).
The hyperfine interaction between electrons and nuclei provides information concerning the
number and identity of ions and their distances from unpaired electrons. Cu (spin 3/2) and Mn
(spin 5/2) are of valence 2+, with the former having two stable isotopes (63Cu, 65Cu) and the
latter having one stable isotope (55Mn). Since Cu and Mn have electron configurations of d3
and d2, respectively, then they exhibit six and four absorption signals, respectively, and these
would be anticipated in the Ce-Cu and Ce-Mn heterojunction structures. Ce has four stable
isotopes (136Ce, 138Ce, 140Ce, 142Ce), valence of 3+ and electron configuration of 4f 1, valence
of 4+ and electron configuration of 5p6, and spins of 3/2 and 5/2. Although the filled d orbital
could result in the presence of ten absorption peaks, Ce4+ has completely filled shells and so is
EPR-inactive for this ion. However, Ce3+ has a single unpaired electron, so it is EPR-active.
However, other EPR absorption peaks can be generated by other unpaired electrons, as in the
case of

••

,

•

,

, O2–, and Ce3+−O−−Ce4+ [26].

Table C6.1 reports the g values for all observed absorption peaks. Both the 2D-3D mesoporous
CeO2-x, Cu-Ce, and Mn-Ce revealed six hyperfines (5/2 spin) corresponds to the values for
Ce3+−O– [26], albeit with g values shifted to lower values relative to the g value of the free
electron of 2.0012 for CeO2-x. This effectively is the maximal shift that can be exhibited by
the paramagnetic impurities with less than half full shells. Consequently, the shifted g values
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can be attributed to the Cu and Mn species present, which are manifested as shoulder peaks
and humps in the EPR hyperfines.
The first integral of the EPR hyperfines is indicative of the total amount of electronic charge
carriers (electrons and holes) and the second integral assesses the total amount of all types
defects with unpaired electrons. Both the single and double integrals of the 2D-3D mesoporous
CeO2-x, Cu-Ce, and Mn-Ce revealed that the charge carrier densities, assumed to be electrons
since CeO2-x is an n-type semiconductor, and the amounts of defects were in the same order as
listed here. The reason for the decrease in the single integral is from the energy levels of the
trapped electrons, which are reflected in the changes in the g values, which are controlled
effectively by the band positions. The reason for the decrease in the double integral reflects
the balance of the annihilation and creation of defects resulting from the introduction of the
decorating TMOs. Figure 6.3(c) shows that the [

••

] for the TMO-decorated heterostructures

were greater than that of the 2D-3D mesoporous CeO2-x, which suggests that other defects were
annihilated. These probably were surface structural defects that were blocked by the apposition
of the TMO particles, which is supported by the decreased surface areas of the decorated
heterostructures, as shown in Figure 6.3(f). Another source of defects is intervalence charge
transfer (IVCT), which can both create and eliminate defect states.
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Figure 6.3: Characterization of 2D-3D CeO2-x: (a) XPS Ce 3d spectrum of CeO2-x. (b) EELS spectrum
of 2D-3D CeO2-x nanostructure. (c) Laser Raman microspectra CeO2-x, Cu-Ce, Mn-Ce nanostructures.
(d) XPS Cu 2p spectrum of Cu- Ce. (d) XPS Mn 2p spectrum of Mn-Ce. (f) SSAs of Ce-NT, CeO2-x,
Cu-Ce, Mn-Ce nanostructures. (g-i) EPR spectra of of Ce-NT, CeO2-x, Cu-Ce, Mn-Ce nanostructures.

Figure 6.4(a) plots the catalysis performances of the Ce-based materials on the basis of COconversion rates at distinct temperatures (corresponding to T10%, T50%, T90%). The T10% value
of the Ce-NT sample was 150°C and the T90% was 380°C, which are consistent with previous
reports for pristine CeO2 [27, 28].

However, the 2D-3D mesoporous CeO2-x exhibited

outstanding performance, with T90% of 148°C. It is significant to note that, as shown in Figure
6.4(b), this temperature is even lower than those of some metal- or oxide-CeO2-x
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heterostructures, including Pd- and Cu-CeO2-x, which are known to be very superior catalysts.
For comparison, data for CuO- and MnO-decorated (Mn-Ce) CeO2-x from the present work are
included in Figure 6.4(a), which show that these heterostructures exhibit T90% of 84°C and
110°C, respectively. These data suggest that these outstanding performances for these 2D-3D
CeO2-x nanostructures derive from the ultrahigh surface areas and the high densities and
accessibilities of the active sites, as confirmed by the corresponding characterization analyses.
More broadly, Figure 6.4(b) provides a comparative plot of the best CO-conversion
performances reported to date, revealing that CeO2-x and Cu-Ce exhibit the lowest temperatures
yet reported. A complete comparative list of CeO2 and CeO2-based nanostructures, their
characteristics, and cited references is given in Table C6.2 and Table C6.3, respectively.

Figure 6.4: Catalytic performances of the CeO2-x-based nanostructures. (a) CO conversion rates as
function of temperature. (b) Complete CO oxidation comparative data for CeO2-x from present work,
CeO2-x from literature, CeO2-x-based hybrids.
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6.3

Summary

The number of accessible active sites in catalysts significantly affects their performance. The
present work reports a new approach to fabricate a 3D mesoporous CeO2-x nanostructure of
centimetre scale comprised of extremely thin holey 2D nanosheets. This high-yield method is
template-free, simple, and cost-effective. The resultant polycrystalline multiscale 2D-3D CeO2x

exhibits a high surface area of 251 m2 g-1 and pore volume 1.15 cm3 g-1, which enable

outstanding CO conversion performance (T90 = 148°C). Further improvements in catalysis
were attained by decorating the CeO2-x with different transition metal oxides (TMOs).
Structural analysis revealed that each TMO forms new defects as well as increases the density
of active sites. This flexible method for the fabrication of heterojunction nanostructures offers
new functionalities for catalytic and photocatalytic applications.
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6.4

Complementary Data

Figure C6.1:

Zeta potential results for Ce-CP.

Figure C6.2:

SEM images of CeO2-x obtained at 450°C at different heating rates. (a) low-rate

annealing at 0.2°C min-1 (b) medium-rate annealing at 1.0°C min-1 (c) high-rate annealing at 3.0°C min1

, (d) high-rate annealing at 6.0°C.
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Figure C6.3:

SEM images of Mn-Ce obtained at 450°C with high-rate annealing at 6.0°C.

Figure C6.4:

EDS elemental mapping of Mn-Ce obtained at 450°C with high-rate annealing at

6.0°C.
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Figure C6.5:

SEM images of Cu-Ce obtained at 450°C with high-rate annealing at 6.0°C.

Figure C6.6:

EDS elemental mapping of Cu-Ce obtained at 450°C with high-rate annealing at

6.0°C.
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Table C6.1:

Specific surface area (SSA), Pore size and volume of the CeO2-based materials.
SSA

Pore size

Pore volume

(m2·g-1)

(nm)

(cm3·g-1)

Ce-NT

51.00

3.30

0.14

CeO2-x

251.13

7.04

1.15

Cu-Ce

162.74

5.08

0.36

Mn-Ce

230.80

5.05

0.42

Sample

Figure C6.7:

EPR analysis for Ce-NT
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Figure C6.8:

EPR analysis for 2D-3D CeO2-x

Figure C6.9:

EPR analysis for Mn-Ce
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Figure C6.10: EPR analysis for Cu-Ce
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Table C6.2:
Samples

3D/2D

g values for CeO2 and CeO2-based heterojunction nanostructures.
MWFQ
(GHz)*

9.859975

CeO2-x

9.861478

MnCeO2

9.861946

CuCeO2

9.861478

Hyperfine (mT)
231.28
337.88
347.93
359.44
372.12
216.58
338.32
346.71
355.80
365.96
212.11
336.99
355.08
374.45
256.16
334.44
344.00
346.71
356.03
361.18
366.67

329.12
341.52
350.56
362.26
373.32
328.88
343.17
349.20
356.53
374.13
323.99
338.88
357.13
376.80
328.88
337.74
345.99
347.31
356.22
365.42
371.74

332.81
343.72
356.04
365.61
375.32
329.47
345.17
350.49
360.85
375.06
327.68
346.10
364.51
379.21
329.47
338.32
345.17
349.20
356.50
365.61
375.75

g-Factor
334.84
346.88
356.12
369.28
337.74
345.99
352.05
365.61
378.52
330.21
347.69
366.89
332.43
341.40
345.99
350.49
358.86
365.96
377.41

3.0
2.08
2.02
1.96
1.89
3.25
2.08
2.03
1.98
1.93
3.32
2.09
1.98
1.88
2.75
2.11
2.05
2.03
1.98
1.95
1.92

2.14
2.06
2.01
1.94
1.89
2.14
2.05
2.02
1.98
1.88
2.17
2.08
1.97
1.87
2.14
2.09
2.04
2.03
1.98
1.93
1.90

2.12
2.05
1.98
1.93

2.10
2.03
1.98
1.91

2.14
2.04
2.01
1.95
1.88
2.15
2.04
1.93
1.86
2.14
2.08
2.04
2.02
1.98
1.93
1.88

2.09
2.04
2.00
1.93
1.86
2.13
2.03
1.97
2.12
2.06
2.04
2.01
1.96
1.93
1.87

* The microwave frequencies (MWFQ) of all samples were maintained at similar values so as to
allow the data (defect concentrations) to be comparable.

Table C6.3:

Comparison on CO conversion performance over different microstructures of ceria

catalysts
Catalysts

Morphology

Dimensions
(nm)

BET surface
area (m2 g-1)

Pore
Volume
(cm3/g)

T50

T100

Ref

CeO2

Irregular

~12

56.70

-

304

~400

[28]

CeO2

Nanosheet

~100

36.76

346

~450

[27]

CeO2

rod

d: 20 - 90

-

306

400

[29]

CeO2

Nanowire

8.1

76.9

272

~350

[30]

CeO2

Nanosheet

0.6

-

248

350

[12]

264

CeO2

Irregular

8-9

55.7

CeO2

Nanobundles

9.2

130.4

CeO2

Pit-confined
Nanosheet

0.6

-

CeO2

2D-3D
scaffold

4-5

251.1

0.09

1.15

215

260

[31]

213

280

[30]

131

220

[12]

146

150

This
work

Table C6.4: Comparison on CO conversion performance over different microstructures of ceriabased hydrolysis catalysts

Catalysts

Morphology

Dimensions
(nm)

BET surface
area (m2 g-1)

CeO2–
MnO2

rod

20-90

Pd-CeO2

cube

Cu-CeO2

Pore
Volume
(cm3/g)

T50

T100

Ref

-

240

275

[29]

17

28.0

170

225

[32]

polyhedral

9.6

90.0

80

220

[33]

Cu-CeO2

Irregular

8-9

55.7

120

180

[31]

Au-ZrO2CeO2

NP-sheet

10-~7

-

55

122

[34]

Pd-CeO2

rod

11

78.0

127

175

[32]

Cu-CeO2

rod

11.6

75.4

0.40

75

150

[33]

Pd-CeO2

cube-rod

~9

-

-

97

>140

[35]

CuO-CeO2

cube-NP

900-5

45.5

0.20

110

120

[36]

Au- UIO
66-CeO2

sphere

~7

870.0

0.38

72

100

[37]

Cu-CeO2

wire

20 (d)

66.4

-

75

100

[38]

Pt-CeO2

NP-porous
rod

3-9 (d)

-

-

70

80

[39]

Mn-Ce

2D-3D
scaffold

4-5

230.8

0.36

90

110

This
work

Cu-Ce

2D-3D
scaffold

4-5

160.0

0.42

85

90

This
work
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0.29

-

6.5
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Chapter 7 Instability-Directed Architectural Design of Multiscale
Nanostructures

Note: The data in the present chapter are in preparation for submission to ACS Omega, where the
author of the present thesis is the main contributor and corresponding author (Sajjad S. Mofarah,
Esmaeil Adabifiroozjaei, Raheleh Pardehkhorram, Yin Yao, Esmail Doustkhah, Sean Lim, Pramod
Koshy, and Charles C. Sorrell).

7.1

Overview

Metal oxide (MO) nanostructures are an attractive class of materials used for diverse energyrelated applications (catalysts, photocatalysts, sensors, batteries) [1, 2]. The functionalities of
the MO nanostructures dominantly depend on their defect densities, which are determined
principally by architecture (form, size, exposing facet) of the nanostructures. Hence, recent
works have focused on manipulating the architectures of nanomaterials so as to simultaneously
maximize and optimize their defect densities [3]. A recent technique uses CPs and metalorganic frameworks (MOFs) as precursor for the preparation of complex MO nanostructures
(carbon [4, 5], metals [6, 7], MOs [8]) with enhanced energy storage and catalytic performance.
This is accomplished by synthesis of CP nanostructures and their subsequent pyrolysis in
different atmospheres [9]. However, since CPs are conventionally aimed to be used in energy
related applications (catalysts, batteries, sensors) involving media with moderate corrosion and
temperature, their chemical and thermal stability is considered to be a critical requirement [10].
Therefore, the majority of recently developed CPs are quite stable, limiting their processing in
common solvents at near room temperatures [11]. As a result, preparation of each MO
morphology from these stable CPs necessitates synthesis of corresponding-morphology CP [9],
which is usually done in an autoclave at high temperature and pressure, making the approach
expensive, time-consuming and more importantly laboratory-customized [8]. The latter
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requirement has placed considerable restrictions on CPs and MOFs to become a generic and
popular precursor of MO nanostructures, since each laboratory has to prepare a customized
recipe of the CPs for their own intended nanostructures [8]. Furthermore, the number of
nanostructures that can be fabricated is not practically versatile [12], since the CP synthesis
conditions (e.g., composition, temperature, time) are sensitive and specific [5, 8], and thus
changes in the synthesis conditions will likely deliver different products.

Finally, the

nanostructures developed are usually single crystals with relatively low defect densities owing
to the necessity of high-temperature and pressure in the synthesis procedure [13].
Here, all these challenges were addressed through the introduction of highly unstable CPs as
precursor for synthesis of MO nanostructures. As a comprehensive example, twelve CeO2-x
nanostructures were produced from a single Ce-CP. The universal applicability of the approach
is demonstrated by the synthesis of six different ZnO nanostructures derived from MOF-5.

7.2

Results and Discussion

The previously viewed disadvantageous weak bonding between the metal cation and the
organic linker in unstable CPs, which is the origin of their instability, can be transformed
readily into an advantage as the CPs can be disassembled at room temperature in different
solvents; on removing the solvent, they then can be reassembled into nanostructures with
different architectures, depending on the type of polar solvent, concentration, and evaporation
kinetics. This approach is highly scalable, very economical, generic, and capable of generating
various nanostructures with unique architectures that previously were challenging, low yield,
irreproducible, time-consuming, and costly to obtain by conventional methods [14]. Figure 7.1
shows twelve distinct CeO2-x nanostructures obtained from a single Ce-CP through the use of
different polar solvent media.
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Figure 7.1: TEM and SEM micrographs of CeO2-x nanostructures derived from Ce-CP (scale bar
yellow = 3µm, Red = 100 nm). Owing to very small sizes of the cubes and dumbbell morphologies,
low-magnification TEM images (f and h, respectively) are used instead of SEM images.

A modified electrochemical method (discussed in Chapters 4, 5, 6) [15, 16] is used to
synthesise a new Ce-CP in the form of a hexagonal tube. The Ce-CP demonstrates structural
stability during long-term exposure to air, as determined by X-ray diffraction (XRD) after 180
days (Figure C7.1). In contrast, the instability of Ce-CP in polar solvents results in its rapid
dissociation. Upon controlled removal of the solvent, ultrafine crystallites of the CP are
reassembled to form unique nanostructures. The considerable lability of weak electrostatic
bonding between the cation and the organic linker in unstable CPs provides a valuable platform
for easy and controllable destruction/reconstruction of the CP crystallites to form new
unanticipated CeO2-x nanostructures (Figures: C7.2-29). Precise control over the architecture
of MCPs was achieved through the engineering of the parameters solvent type, solute
concentration, temperature (T), and time (t).
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The final synthesis step consists of post-oxidation (150°-450°C) or aging the nanostructures in
NaOH basic solution at room temperature in order to transform the Ce-CPs to the analogue
CeO2-x-based nanostructures. The feasibility, high yield, and generality of this approach, in
which the Ce-CP acts solely as a simple precursor, enable large-scale fabrication of functional
CeO2-x-based materials, including ultrathin honeycomb-like nanosheets (Figure 7.1(w,x)), 2D3D scaffolds (Chapter 6), and ultrathin holey 2D CeO2-x (Chapter 4).

In comparison,

conventional methods for the production of 2D nanostructures (exfoliation of layered materials,
scarified templating [17], or liquid metal environment [18]) require stratified materials, are
expensive, and/or provide low yields.
One of the most promising materials derived from Ce-CP is in the form of hybrid CeO2-x-based
macrolayers with incorporated carbon and sulphur (Ce/S/C). CeO2-sulphide is used widely as
a catalyst and electrochemical anode [19, 20]. For example, flower-like Ce2O2S is used as the
anode for Li ion batteries owing to its high surface area and open structure, which improve
ionic diffusion [21]. Also, Clément et al. [22] reported that Ce2O2S has a small band gap
energy, which could allow light absorption in the visible range. Finally, the variable oxidation
states of Ce (3+/4+) enable its applicability as a photocatalyst [23]. Another such hybrid is
CeO2-carbon, which has been observed to exhibit encouraging performance in catalytic
ozonation of oxalic acid [24], organic dyes [25], and textile effluents [25]. Also, carbondecorated CeO2 has been revealed as a promising pseudocapacitor with high gravimetric
energy density. These various applications in energy and catalysis suggest that the availability
of a simplified, cost-effective, controllable, and reproducible synthesis method to fabricate
such heterogeneous structures has considerable technical and commercial potential.
In this study, the transformation of Ce-CP into Ce/S/C was investigated structurally using XRD
and Raman analyses, the results of which are given in Figure 7.2. The XRD data confirm that
the disassembly/reassembly of Ce-CP using DMSO solvent retains the triclinic structure of
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pristine Ce-CP (Chapter 4). Annealing the reassembled Ce-CP in air and N2 atmospheres
resulted in oxidation to the CeO2 fluorite structure. The Raman spectra (Figure 7.2b) obtained
for Ce-CP and DMSO-derived Ce-CP reveals a predominant peak at 1040 cm-1 attributed to
the Ag vibrational mode of SO4 in the Ce sulphate structure [26]. In contrast, the number
density of bonds between Ce and the COO– groups of TCA decreased significantly after
reassembly, as suggested by the decreasing intensities of the adjacent peaks at 450 cm-1 and
470 cm-1. Annealing the DMSO-derived Ce-CP in air and N2 atmospheres yielded CeO2 with
carbon incorporated to the structure. The two peaks at 1300 cm-1 and 1600 cm-1, which are the
D-mode and G-mode confirming the presence of graphitic carbon [27, 28]. It is significant to
note that the F2g mode, which is for stretching vibrations between Ce and O in CeO2, appeared
for both air- and N2-related spectra. However, this peak shifted to lower value (457 cm-1) for
the CeO2 obtained in air. This can be owing to the presence of E1g vibrational mode of SO4
group in Ce sulphate structure. The Raman spectra for the sample calcined in air also shows a
small peak at 1057 cm-1 attributed to the SO4. These results indicate that the formation of
hybrid CeO2-based carbon and sulphur heterostructures involves a two-step process of
reassembly and post-oxidation.
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Figure 7.2: Structural analysis (a) XRD spectra and (b) laser Raman microspectra of Ce-CP nanotubes,
reassembled Ce-CP macrolayers (DMSO-derived, R- Ce-CP), air-calcined Ce/S/C, N2-calcined Ce/S/C
(all intensities scaled identically).

Additional analyses by XPS surface characterisation are shown in Figure 7.3. The variations
in the Cl concentration are shown in Figure 7.3(a), where the intensity of Cl 2p orbital is
unchanged in the Ce-CP and DMSO-derived Ce-CP while the calcinations in both air and N2
resulted in near-complete removal.
The XPS analyses of the C 1s orbital in Figure 7.3(b) revealed similar differentials in that the
Ce-CP and DMSO-derived Ce-CP exhibited C–O–C bonding (286 eV) and O–C=O bonding
(289 eV), the former of which increased by introduction of DMSO in the structure. Calcination
of the DMSO-derived Ce-CP resulted in near-elimination of the less stable O=C bonding,
although there is a small amount of residual such bonding albeit shifted to higher binding
energy owing to increased C–C bond covalency once the highly electronegative Cl groups [29]
are removed. The predominant presence of peak at 286 eV can indicate the formation of
graphite structures [30]. Calcination in N2 reveals the higher peak intensity suggesting the
formation of higher graphitic carbon concentration, relative to that of obtained in air.
This is confirmed by the XPS analyses of the S 2p orbital shown in Figure 7.3(c). The use of
DMSO solvent led to the formation of Ce sulphate, as confirmed by the S 2p3/2 peak at 169 eV
[31]. This peak is consistent with those reported for cerium sulphate (Ce(SO4)2) [31-33], where
the oxidation state of sulphur is +6. The structure of Ce(SO4)2 remained unchanged during
calcination in air. However, calcination in N2 resulted in an appearance a peak centred at lower
energy of 164 eV, which is attributed to the sulphur with oxidation states of +4 [31-33],
indicating the formation of CeO2/SO2.
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Figure 7.3: XPS spectra of (a) Cl 2p, (b) C 1s, (c) S 2p orbitals of Ce-CP nanotubes (NT), DMSOderived Ce-CP (Troom), air-calcined Ce/S/C (air), N2-calcined Ce/S/C (N2).

The simultaneous reduction of S6+ to S4+ and oxidation of Ce3+ to Ce4+ under N2 suggest the
likelihood of IVCT according to the electron exchange reaction:

S6+ + 2Ce3+ → S4+ + 2Ce4+

(Equation 7.1)

The feasibility of IVCT is confirmed by the XPS data, as shown in Figures 7.3(c) and 7.4(a).
However, the corresponding XPS data do not show this reaction to occur after calcination in
air. Hence, under N2, S6+ to S4+ reduction [31] is possible and the easy Ce3+ to Ce4+ oxidation
facilitates IVCT as a means of charge transfer between the CeO2 and sulphate structures. In
contrast, under air, the absence of the S7+ valence state effectively precludes S oxidation to S8+
and so the Ce3+ cannot oxidise to Ce4+ through IVCT; the latter is confirmed in Figure 7.4(a,
b). The preceding results show that calcination N2 results in the formation of a CeO2/graphitic
oxides/Ce sulphate heterojunction structures, which offers the potential for catalytic
applications.
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The concentrations of the resultant structural defects associated with the new heterojunction
Ce/S/C and pristine CeO2 were characterised using EPR, the data for are shown in Figure 7.5.
The hyperfine pattern in Figure 7.5(a) indicate that, relative to pristine CeO2, there are several
types of defects present in the heterostructure and the area in Figure 7.5(b) shows that there is
a very high concentration of total defects. Such defect-rich nanostructures should have
considerable potential for a wide range of energy (OER, energy storage) and environmental
(catalysis, photocatalysis) applications.

Figure 7.4: XPS spectra for (a) Ce 3d orbital and (b) O 1s orbital for Ce-CP, DMSO-derived Ce-CP,
air-calcined Ce/S/C, N2 calcined Ce/S/C samples.

Figure 7.5: EPR analysis of Ce/S/C and pristine CeO2.
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The preparation of these unanticipated nanostructures, which exhibit exceptional
performances, is possible only through the use of unstable CPs. This approach offers generally
rapid but also variable disassembly/reassembly kinetics using various solvents at room
temperature to establish new nanostructures. For example, stirring Ce-CP in ethanol results in
the very rapid disassembly/reassembly of Ce-CP to form pseudo-octahedra, as shown by SEM
in Chapter 5 and illustrated sequentially and in-situ optical microscopy (OM) in Figure 7.6(ah). Further, in-situ Raman spectra were obtained, where alterations in the vibrational modes
of the structural bonds during disassembly/reassembly of the Ce-CP were monitored, as shown
in Figure 7.6(i). The Raman spectra after 360 s (6 min) show no traces of ethanol, indicating
that the ethanol molecules provide only a conduit for the disassembly and reassembly of the
Ce-CP nanostructures and that they do not participate in the chemistry.
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Figure 7.6: Kinetic data for exfoliation and dissolution/precipitation of Ce-CP. (a-f) In-situ OM data
for Ce-CP dissolution. (g, h) Precipitation in ethanol over 6 min. (i) In-situ Raman data for Ce-CP
dissolution/precipitation in ethanol over 6 min.

As an example of the flexibility and breadth of the process, further examples of some
morphologies obtained for the MOF-5 nanostructure are illustrated in Figure 7.7. Here,
different experimental conditions can be seen to have resulted in a variety of ZnO
nanostructures.

Figure 7.7: SEM images of ZnO nanostructures of various morphologies obtained from MOF-5 at
different experimental conditions (yellow and red scale bars represent 1 µm and 500 nm, respectively).

280

In summary, the disassembly kinetics of the unstable CPs are enabled by: (i) a high cation
valence and its associated high field strength, which favour hydroxide formation at high pH
[11]; (ii) a tendency of the linker to protonate in the aqueous solvent at low pH, thereby
replacing the linker with a hydroxyl group [10]; (iii) a low symmetry for the linker
(monodentate, bidentate, etc.) [34]; and (iv) the match of the solvent polarity with that of the
solute [35]. For Ce-CP, the Ce4+ has a strong field strength [36], whereby it favours bond
formation with the hydroxyl group rather than bonding with the monodentate trichloroacetate
(TCA) linker; this results in an unstable Ce-TCA bond. The solvents exhibiting the most rapid
kinetics are those that have a polarity index in the range 4.3-5.9, which suggests that the polarity
index of the Ce-CP falls within this range [37,38]. Additionally, the assembly kinetics of the
new nanostructures depend principally on the partial pressure of the solvent, which can be
manipulated by temperature and chemical potential. For example, when ethanol is evaporated
rapidly at room temperature, hollow octahedra are formed (Figures 5.5); if the evaporation is
conducted at 0°C, hollow spheres are formed (Figures 5.7).
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7.3

Summary

It has been shown that the chemical instability of coordination polymers (CPs), typically
considered to be a disadvantage, can be leveraged to control the design of 1D to 3D
nanostructured architectures. This is accomplished through the disassembly of MCP structures
in polar solvents at room temperature, followed by rapid reassembly upon solvent evaporation,
resulting in defect-rich nanostructures with new levels of functionalities that are not obtainable
using existing techniques. As a representative case, a Ce-based CP (Ce-CP) has been shown
to produce novel nanostructures of highly defective CeO2-x-based heterojunction structures.
The same strategy has been applied to unstable MOF-5, which generated six different ZnO
nanostructures.
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7.4

Complementary Data

Figure C7.1:

Experimental X-ray pattern obtained from (a) freshly prepared Ce-CP and (b) aged

sample (under ambient condition) for 3 months.
Tube nanostructure
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Figure C7.2:

Elemental characterisations of CeO2 nanotube. (a) SEM image of CeO2-x tube (prepared

by aging in NaOH solution), (b) corresponding EDS spectra and elemental mapping images of (c)
cerium, (d) oxygen, (e) carbon, (f) tin.

Figure C7.3:

TEM analysis of CeO2 nanotube. (a,b) Low- and (c) high-magnification TEM images

of CeO2 tube along with related (d) SAED diffraction pattern; rings are indexed from inside to outside.
Sheet nanostructure

Figure C7.4:

SEM image of CeO2-x holey nanosheets prepared following large-scale

synthesis procedure.
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Figure C7.5:

X-ray pattern of CeO2-x nanosheets compared with that of original Ce-CP nanotubes,

indicating insignificant differences.

Figure C7.6:

TEM characterisations of holey CeO2 nanosheet. (a) Low- and (b) high-magnification

TEM images of CeO2-x holey nanosheets prepared by stirring Ce-CP tubes in hot water (~100°C), (c)
SAED pattern of holey nanosheets, indicating CeO2 structure; rings are indexed from inside to outside.

Figure C7.7:

Elemental analysis of holey CeO2 nanosheet. (a) Bright-field TEM image of CeO2-x

holey nanosheets prepared by stirring Ce-CP tubes in hot water (~100°C). EDS elemental mapping
images of (b) cerium (red) and (c) oxygen (green).
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Figure C7.8:

Thickness measurement of holey CeO2 nanosheet. (a) AFM image of CeO2 ultrathin

nanosheet on silicon substrate. (b) Corresponding height profile, showing thickness as thin as two unit
cells ((2 x 0.54 nm) ≈ 1.1 nm).
Cube nanostructure
Owing to the very small size of the cubic nanostructures, they cannot be characterised properly by SEM.
Further, since the initial generated nanostructure is CeO2, TEM data only are given.

Figure C7.9:

Characterisations of polycrystalline CeO2 cube. (a-c) TEM images of cubic

polycrystalline CeO2 nanostructures synthesised hydrothermally (pH ~10) at 140°C for 6 h. (d)
Corresponding SAED pattern of CeO2 cubic nanostructure, revealing the polycrystalline nature of the
CeO2 nanocubes; rings are indexed from inside to outside.
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Figure C7.10: Characterisations of single-crystal CeO2 cube. (a-c) TEM images of cubic singlecrystal CeO2 nanostructures synthesised hydrothermally (pH ~14) at 140°C for 24 h. (d) Corresponding
SAED pattern of cubic CeO2 nanostructure showing single-crystal nature of cubes exposing {200}
facets.
Dumbbell-like nanostructure
Owing to the very small size of the dumbbell-like nanostructures, they cannot be characterised properly
by SEM. Further, since the initial generated nanostructure is CeO2, TEM data only are given.
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Figure C7.11: Characterisations of CeO2 dumbbell-like nanostructure. (a-c) TEM images of
dumbbell-like CeO2 nanostructure.

(d) Corresponding SAED pattern of CeO2 dumbbell-like

nanostructure; rings are indexed from inside to outside.

Figure C7.12: Elemental characterisation of CeO2 dumbbell-like nanostructure. (a) Bright-field TEM
image of dumbbell-like CeO2 nanostructure. (b) EDS spectra (obtained by STEM) of different elements
of the dumbbell-like nanostructure. (c) Corresponding EDS elemental mapping images of (d) cerium
and (e) oxygen.
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Rhombohedron nanostructure

Figure C7.13: Characterisations of polycrystalline rhombohedral CeO2 nanostructure. (a) Low- and
(b) high-magnification SEM images of polycrystalline rhombohedral CeO2 nanostructure.

Figure C7.14: X-ray diffraction pattern of polycrystalline rhombohedral nanostructure compared with
that of original Ce-CP, indicating insignificant differences.
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Figure C7.15: TEM Characterisations of polycrystalline rhombohedral CeO2 nanostructure. (a,b)
Low- and (c) high-magnification TEM images of polycrystalline rhombohedral CeO2 nanostructure. (d)
Corresponding SAED pattern of polycrystalline structure of rhombohedral CeO2; rings are indexed
from inside to outside.
Flower-like nanostructure

Figure C7.16: SEM images of polycrystalline flower-like CeO2-x nanostructure.
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Figure C7.17: Elemental characterisations of polycrystalline flower-like CeO2-x nanostructure. (a)
SEM image of polycrystalline flower-like CeO2-x nanostructure. (b) Corresponding EDS elemental
mapping images of (b) cerium, (c) oxygen.
The X-ray diffraction pattern of polycrystalline flower-like CeO2-x nanostructure is identical to that of
the polycrystalline rhombohedral CeO2-x nanostructure (see Figure C7.14).

Figure C7.18: X-ray diffraction pattern of polycrystalline hollow sphere nanostructure compared with
that of original Ce-CP, indicating considerable amorphization of the former.
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Solid sphere nanostructure

Figure C7.19: SEM characterisations of solid sphere CeO2 nanostructure. (a) Low- and (b) highmagnification SEM images of polycrystalline solid sphere CeO2 nanostructure.

Figure C7.20: TEM characterisations of solid sphere CeO2 nanostructure. (a, b) Low- and (c) highmagnification TEM images of polycrystalline solid sphere CeO2-x nanostructure. (d) Corresponding
SAED pattern of polycrystalline solid sphere CeO2-x nanostructure; rings are indexed from inside to
outside.
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Figure C7.21: Elemental characterisations of solid sphere CeO2 nanostructure. (a) Bright-field TEM
image of polycrystalline solid sphere CeO2-x nanostructure. (b) EDS spectra. EDS elemental mapping
images of (c) cerium and oxygen, (d) cerium, (e) oxygen.
Octahedron nanostructure

Figure C7.22: SEM images of polycrystalline octahedral CeO2 nanostructure.
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Figure C7.23: Elemental characterisations of polycrystalline octahedral CeO2 nanostructure. (a) SEM
image of polycrystalline octahedral CeO2 nanostructure. EDS elemental mapping images of (b) cerium,
(c) oxygen.

Figure C7.24: X-ray diffraction pattern of polycrystalline octahedral nanostructure compared with
that of original Ce-CP.
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Figure C7.25: TEM characterisations of polycrystalline octahedral CeO2 nanostructure. (a,b) Lowand (c) high-magnification TEM images of polycrystalline octahedral CeO2 nanostructure.

(d)

Corresponding SAED pattern of octahedral CeO2; rings are indexed from inside to outside.

Figure C7.26: Elemental characterisations of polycrystalline octahedral CeO2 nanostructure. (a) SEM
image of polycrystalline octahedral CeO2 nanostructure. EDS elemental mapping images of (b) cerium,
(c) oxygen, (d) tin, (e) platinum, (f) sulphur.
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Honeycomb scaffold nanostructure

Figure C7.27: SEM characterisations of polycrystalline honeycomb scaffold CeO2-x nanostructure. (a)
Low- and (b) high-magnification SEM images of polycrystalline honeycomb scaffold CeO2-x
nanostructure.

Figure C7.28: Elemental characterisations of polycrystalline honeycomb scaffold CeO2-x
nanostructure. (a) SEM image of polycrystalline honeycomb scaffold CeO2-x nanostructure along with
EDS elemental mapping images of (b) cerium, (c) oxygen, (d) carbon, (e) sulphur.
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Figure C7.29: TEM characterisations of polycrystalline honeycomb scaffold CeO2-x nanostructure.
(a,b) Low- and (c) high-magnification TEM images of polycrystalline honeycomb scaffold CeO2
nanostructure. (d) Corresponding SAED pattern of CeO2 nanostructure; rings are indexed from inside
to outside.
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8

Summary

The present work reports novel strategies to fabricate functional materials for a wide range of
potential applications, including energy and environmental remediation. The strategies were
established on the basis of the principles of fundamental aqueous chemistry for Ce-based
materials using both thermodynamic and electrochemical analyses. Further, using DFT and
aqueous chemistry calculations to establish the speciation and Pourbaix diagrams for the Cebased species uncover new avenues for the use of these materials at high level of functionalities.
A wide range of synthesis techniques was applied, including chronoamperometry,
chronopotentiometry, cyclic voltammetry, hydrothermal synthesis, solvothermal synthesis,
exfoliation, bottom-up, and precipitation. In addition, a wide range of characterisation methods
was used, including XRD, ND, SEM, EDS, TEM., HAADF, STEM, EELS, EPR, Raman,
FTIR, XPS, TOF-SIMS, PL, TGA, UV-Vis, BET, Zeta Potential, AFM, KPFM, highresolution NMR, mass spectroscopy, and linear sweep and cyclic voltammetry.
The scope of the nanomorphologies that were obtained is illustrated in Chapters 3-7, which
reveals that one single-crystal form was obtained, this being cubic, and that many other
polycrystalline forms were generated. These include ultrathin film (Chapter 3), holey sheet
(Chapter 4), hollow sphere, pseudo-octahedron (Chapter 5), 2D-3D mesoporous scaffold
(Chapter 6), nanoscale tube, sheet, cube, dumbbell-like, rhombohedron, flower-like, solid
sphere, hollow sphere, octahedron, and honeycomb scaffold (Chapter 7).
The transition and rare earth metal oxide-based materials used to generate the preceding shapes
included CeO2 (Chapters 3, 5, and 6); TiO2, ZrO2, and Fe2O3-, NiO-, and ZnO-decorated CeO2
heterostructures (Chapter 4); MnO- and CuO-decorated CeO2 heterostructures (Chapter 6); and
C- and S-incorporated CeO2 heterostructures and ZnO (Chapter 7).
Two-dimensional metal oxide pseudocapacitors are promising candidates for size-sensitive
applications. However, they exhibit limited energy densities and inferior power densities. Here,
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an electrodeposition technique is reported by which ultrathin CeO2−x films with controllable
volumetric oxygen vacancy concentrations can be produced. This technique offers a layer-by
layer fabrication route for ultrathin CeO2−x films that render Ce3+ concentrations as high as ~60
at% and a volumetric capacitance of 1873 F cm−3, which is among the highest reported to the
best of our knowledge. This exceptional behaviour originates from both volumetric oxygen
vacancies, which enhance electron conduction, and intercrystallite water, which promotes
proton conduction. Consequently, simultaneous charging on the surface and in the bulk occur,
leading to the observation of redox pseudocapacitive behaviour in CeO2. Thermodynamic
investigations reveal that the energy required for oxygen vacancy formation can be reduced
significantly by proton-assisted reactions. This cyclic deposition technique represents an
efficient method to fabricate metal oxides of precisely controlled defect concentrations and
thicknesses Applying the data obtained from the thermodynamic and kinetic behaviours of Cebased materials, defect-rich ultrathin CeO2-x films were fabricated through layer-by-layer
deposition of CeO2-x using cyclic voltammetry technique. Further, the DFT simulations and
aqueous chemistry predictions were carried out to establish new Speciation and Pourbaix
diagrams for Ce-based species.
Further improvement in 2D materials can be obtained by creation of nanoholes across the
nanostructures. Holey two-dimensional (2D) metal oxides have shown great promise as
functional materials for energy storage and catalysts. Despite impressive performance, their
processing is challenged by the requirement of templates plus capping agents or high
temperatures; these materials also exhibit excessive thicknesses and low yields. Here, we
report a metal-based coordination polymer (MCP) strategy to synthesize polycrystalline, holey,
metal oxide (MO) nanosheets with thicknesses as low as two-unit cells. The process involves
rapid exfoliation of bulk-layered, MCPs (Ce-, Ti-, Zr-based) into atomically thin MCPs at room
temperature, followed by transformation into holey 2D MOs upon the removal of organic
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linkers in aqueous solution. Further in this work, we represent an extra step for decorating the
holey nanosheets using precursors of transition metals to engineer their band alignments,
establishing a route to optimize their photocatalysis. The work introduces a simple, high yield,
room temperature, and template-free approach to synthesize ultrathin holey nanosheets with
high-level functionalities.
Precise control over the architecture of nanomaterials is critical yet problematic. Here, we
report a versatile strategy to tune the nanostructures of materials with new levels of
functionality. The process involves rapid disassembly/reassembly of an unstable metal-based
coordination polymer (MCP) by controlling the kinetics of the reassembly process. The
synthesis procedure delivers unprecedented polycrystalline nanostructures, e.g., holey 2D
CeO2-x, with precisely tailored thicknesses in the range 10-100 nm, and hollow 3D octahedra
and spheres. The consequent high surface area and pore volume, short diffusion distance, and
high defect density of the holey 2D CeO2-x indicate a significant density of active sites. This
holey architecture exhibits rapid CO conversion and outstanding solar light photocatalytic
performance. This strategy of directed assembly offers a template-free, controllable, and costeffective approach to achieve unprecedented metal oxide architectures of advanced
functionalities, both of which are not possible through existing approaches.
Surface is a determining factor in catalysis applications. This is owing to the density of active
sites present on the surface of materials. Therefore, we report a new approach to fabricate a 3D
mesoporous CeO2-x nanostructure of centimetre scale comprised of extremely thin holey 2D
nanosheets. This high-yield method is template-free, simple, and cost-effective. The resultant
polycrystalline multiscale 2D-3D CeO2-x exhibits a high surface area of 251 m2 g-1 and pore
volume 1.15 cm3 g-1, which enable outstanding CO conversion performance (T90 = 148°C).
Further improvements in catalysis were attained by decorating the CeO2-x with different
transition metal oxides (TMOs). Structural analysis revealed that each TMO forms new defects
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as well as increases the density of active sites. This flexible method for the fabrication of
heterojunction nanostructures offers new functionalities for catalytic and photocatalytic
applications.
In the last step, it shows that chemical instability of coordination polymers (CPs), typically
considered as a disadvantage, can be leveraged to control design of 1D to 3D nanostructured
architectures. This is accomplished through disassembly of the CP structures in polar solvents
at room temperature and rapid re-assembly upon solvent evaporation, resulting in defect-rich
metal oxide nanostructures with new levels of functionalities that are hardly obtainable using
pre-existing techniques. As a representative case, a Ce-based CP (Ce-CP) is shown to produce
novel nanostructures of highly defective CeO2-x (e.g. holey nanosheet, 2D-3D scaffold). The
same strategy is applied to two more unstable CPs (Zr-CP and Ti-CP) and MOF-5, leading to
the synthesis of ZrO2 and TiO2 2D holey nanolayers and six different ZnO nanostructures,
respectively.
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