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Abstract
Cerium(IV) oxide is one of the most important rare earth metal oxides owing to its high oxygen storage and release 
capacity, as well as thermal and mechanical stability. Its various applications range from sensors, solid oxide fuel cells 
and supercapacitors to the most important catalytic application in three-way catalytic converters, oxidation of volatile 
organic molecules, water-gas shift reaction, etc. This short review article gives a brief introduction to rare earth metals, 
then describes in detail the properties of cerium(IV) oxide and ways to improve them, as well as presents an overview 
of the most important and current applications of cerium(IV) oxide. Finally, it gives an overview of the results obtained 
by our group regarding pure and doped cerium(IV) oxide for various applications.
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1.	 Introduction
Rare earth elements are a group of 17 chemically similar 
elements and include lanthanides, scandium and yttrium. 
They are all silver, silvery-white, or grey lustrous met-
als and are usually divided into light (from lanthanum to 
gadolinium) and heavy (from terbium to lutetium and yt-
trium), depending on the electronic configuration, which 
influences their respective properties. Although the name 
suggests the opposite, rare earth metals are relatively well 
distributed in the Earth's crust, but very rarely concen-
trated in recoverable ore deposits. Due to the similarities 
in structure, they naturally appear together in minerals 
and are found with non-metals, especially strong electro-
negative elements such as oxygen or fluorine. Rare earth 
metals and their compounds are widely used in various 
industries, and are thus used in metallurgy, glass and ce-
ramic polishing, for the production of electronic compo-
nents, as permanent magnets, and as catalysts in techno-
logical chemical processes, the automotive industry and 
petroleum refining. [1, 2] The most abundant of rare earth 
elements is cerium, which has two stable oxidation states, 
Ce3+ and Ce4+, and can therefore form two types of oxides, 
Ce2O3 and CeO2. Cerium (IV) oxide possesses a higher 
application value and has therefore been the subject of 
considerable research in recent years. [3, 4]

2.	 Cerium(IV) oxide
Cerium(IV) oxide or ceria (CeO2) has a fluorite type crys-
tal structure with space group Fm3m in which ceria cat-
ions form the face centered cubic cell, while the oxygen 
anions occupy the tetrahedral interstices (Figure 1). Each 
cerium cation is coordinated by eight neighboring oxy-
gen anions and each oxygen anion is coordinated by four 
neighboring cerium cations. This structure is stable over 
the whole temperature range from room temperature until 
the melting point. [5] 

Pure stoichiometric ceria has a pale yellow color, which 
is assumed to be due to Ce(IV)-O(-II) charge transfer. [5] 
As already mentioned, cerium can be chemically present 

in two stable valence states, Ce (IV) and Ce (III), and the 
special feature of ceria fluorite lattice is that it can tolerate 
a considerable reduction of Ce4+ to Ce3+ (Eq. 1) without 
any structural changes, particularly at high temperatures.

	 Ce4+ + e-  Ce3+	 (Eq. 1)

Such nonstoichiometric ceria CeO2-δ (0 < δ < 0.5) has 
blue color and can even turn black when largely nonstoi-
chiometric. [4, 5]

Figure 1. Ceria unit cell: Cerium cations (blue spheres) form 
a plane-centered cubic lattice, while oxygen anions 
(magenta spheres) occupy tetrahedral interstices. 

When CeO2 is further reduced, it forms the hexagonal 
cerium sesquioxide Ce2O3 with a P3m1 space group. As 
a result of the ease with which Ce4+ may be reduced to 
Ce3+, oxygen is released as a compensatory effect, result-
ing in mixed ionic electronic conductivity (MIEC) of ce-
ria (Eq. 2). [6, 7]

	 CeO2  CeO2-δ + 
δ
2 O2	 (Eq. 2)

In the course of this process oxygen vacancies are formed 
in the crystal lattice. The Ce3+ can easily be reoxidized by 
oxygen uptake, which makes ceria a suitable material for 
redox related catalytic applications or oxygen buffers. [7, 
9] Good catalytic activity of CeO2 can mostly be attrib-
uted to the easy shift between Ce3+ and Ce4+ oxidation 
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states, creation of oxygen vacancies and thereby high ox-
ygen mobility and oxygen storage capacity (OSC) within 
the ceria crystal lattice. [5, 6]

Oxygen vacancies defects are prone to change depending 
on physical parameters such as temperature, oxygen par-
tial pressure, doping of ceria with foreign ions, electrical 
field or surface stresses. Nevertheless, oxygen vacancies 
are the most important feature of ceria and they greatly 
influence its electronic and chemical properties. [6]

Figure 2. Schematic band diagram for (a) stoichiometric CeO2, 
(b) partially reduced CeO2-x and (c) Ce2O3.

Figure 2 shows the differences in electronic structure be-
tween cerium(IV) oxide, partially reduced cerium(IV) ox-
ide and cerium(III) oxide. The electronic structure of CeO2 
consists of an O 2p based valence band and a Ce 5d based 
conduction band, between which lies an empty and nar-
row Ce 4f band (Figure 2a). When an oxygen ion leaves 
the ceria crystal lattice, a neutral species ½ O2 is formed, 
while the two residue electrons become localized at the 
two nearest cerium sites. The electron at such cerium site 
is inclined to occupy the empty Ce 4f state, which causes 
the split of the Ce 4f band into two sub-bands: an empty 
and a full Ce 4f band (Figure 2b). When all Ce4+ ions are 
reduced to Ce3+, Ce2O3 is formed. The electronic band 
structure of Ce2O3 is similar to that of partially reduced 
ceria, in which the empty Ce4f band and the Ce5d band 
have fused into the conduction band (Figure 2c). [7, 8, 9]

2.1. Doping

Another way to promote oxygen vacancies formation in 
cerium(IV) oxide is doping of ceria with elements hav-
ing lower valence, such as transition metals. Doping is 
actually the introduction of extrinsic defects into the ceria 
crystal lattice by incorporation of foreign metal cations 
(Figure 3). 

Studies have shown that doped ceria has better proper-
ties than pure ceria, which is attributed to the creation of 
additional oxygen vacancies and a reduced energy bar-
rier for oxygen migration. Dopants can also modify and 
stabilize crystallite size and specific surface area of ceria 
nanoparticles, i.e. increase their resistance to grain growth 
at elevated temperatures, which is especially important 

for catalytic applications. [10-12] High oxygen ion con-
ductivities of doped ceria made it of great interest in use 
as a solid electrolyte in solid oxide fuel cells. [6]

Figure 3. Modification of ceria crystal lattice (a) by incorporation 
of metal ions having lower valence. As a consequence of 
replacement of Ce4+ ion with M2+ ion, oxygen vacancy 

(V) appears (b).

Figure 2a shows that the band gap value between the O 
2p and empty Ce 4f bands is around 3 eV, and that is the 
band gap value attributed to ceria according to literature. 
[13, 14] The value indicates that CeO2 can strongly ab-
sorb UV light, but not visible light. Concerning possible 
photocatalytic and biomedical applications, it would be 
desirable to reduce the band gap value into the visible 
light region.  Doping with different transition metals can 
help achieve this due to the aforementioned additional 
oxygen vacancies formation. When a transition metal ion 
(M2+) substitutes Ce4+, the number of oxygen vacancies 
V increases to preserve the charge neutrality (Figure 3). 
The two residue electrons further promote the reduction 
of Ce4+ to Ce3+ and the lattice strain increases. This is then 
reflected in electronic structure and the result is band gap 
reduction. In summary, the band gap reduction is due to 
increased crystal lattice disorder caused by defect states 
between valance bands and conduction bands. [14] 

2.2. Nanocrystalline ceria

Nanotechnology is an ever emerging field which has 
gained much significance in many industrial branches. 
This is mainly due to the enhanced properties of nanosized 
materials in comparison to bulk materials. This phenom-
enon arises from the fact that nanoparticles of a material 
have a much larger specific surface area than the same bulk 
material, which can be better explained by figure 4. Atoms 
inside the material have all the possible chemical bonds 
satisfied, while the ones on the surface do not and there-
fore have higher energy than atoms on the inside, causing 
them to be more reactive because they tend to reduce their 
energy. For bulk materials, a far larger proportion of the 
atoms is situated in the interior, while for nanomaterials 
the number of surface atoms becomes significant. [16]

Figure 4. Surface atoms (red) due to unsatisfied chemical bonds 
have higher energy than atoms inside the crystal lattice (yellow).
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Higher energy of surface atoms affects the morphology, 
reactivity, catalytic potential and other properties of 
nanomaterials. [16] The energy necessary for defect 
formation is reduced resulting in an increase in the level 
of nonstoichiometry and electronic carrier generation in 
nanocrystalline oxides. [6] Modern research is focused 
on the preparation, characterization and application of 
nanosized ceria because of its improved redox properties, 
transport properties and surface to volume ratio in 
comparison to bulk ceria. [6, 17]

3.	 Applications of ceria
The abundance of cerium, high mobility of oxygen va-
cancies and the reversible valence couple Ce4+/Ce3+ make 
ceria a valuable oxygen storage material with extensive 
applications in various fields, such as catalysts, low-tem-
perature water-gas shift (WGS) reaction, oxygen sensors, 
oxygen permeation membrane systems, fuel cells, elec-
trochromic thin-film applications, ion batteries, etc. [7, 
18] In the following chapters, few of these applications 
will be discussed in more detail. 

3.1. Solid oxide fuel cells

Solid oxide fuel cells (SOFCs) are power generation sys-
tems which depend on electrochemical reactions to pro-
duce electricity in contrast to traditional Carnot restricted 
combustion cycles. High energy conversion efficiency is 
acquired by a clean, low pollution, reliable and adaptable 
technology making SOFCs the energy production system 
of the future. [19, 20] 

Figure 5. Solid oxide fuel cell components and working principle.

A solid oxide fuel cell consists of two porous electrodes 
(cathode and anode) between which lies a solid electro-
lyte (Figure 5). The electrolyte is an oxygen ion conduct-
ing material, which means it allows oxygen ions, but not 
electrons to pass through it. At the cathode, also called the 
air electrode, oxygen is supplied and it reacts with elec-
trons from the external circuit to form oxygen ions which 
then migrate through the electrolyte to the anode (fuel 
electrode). The half reaction at the cathode is as follows:

	 O2 + 4e- → 2 O2-	 (Eq. 3)

The oxygen ions react with the fuel at the anode. The 
fuel can be pure hydrogen or a mixture of hydrogen and 
carbon monoxide, which can be obtained by internal re-
forming of a hydrocarbon fuel, e.g. methane, with the 
anode serving as a catalyst for this conversion. [21, 22] 
The products of the reaction when hydrogen is introduced 
at the anode are electrons and water vapor. The electrons 
(electricity) then flow through the external circuit to the 
cathode in order to keep the overall charge neutrality. The 
half reaction at the anode is the following:

	 2 H2 + 2 O2- → 4 e- + 2 H2 O	 (Eq. 4)

Materials for SOFC components need to be carefully se-
lected to enable the whole system to function properly. 
Some of the criteria are sufficient chemical and structural 
stability at operating and manufacturing temperatures; 
minimal reactivity and interdiffusion, as well as match-
ing the thermal expansion between different components. 
The primary temperature range for SOFCs operation was 
between 900 and 1000 °C. 

The advantages of such high temperatures were the re-
forming of hydrocarbon fuels and production of high 
quality heat for cogeneration. However, the reduction of 
this range to values between 650 and 800 °C opened up 
the possibility of using a wider range of materials for cell 
components, simplified the thermal management, enabled 
a faster start up and cool down, and resulted in less degra-
dation of cell and stack components. The problem at low-
er temperatures is the decrease of electrolyte conductivity 
and electrode kinetics, which is why new materials for 
cell components are being designed and tested. [20, 21]

The most commonly used electrolyte material is yttria 
stabilized zirconia (YSZ) due to its sufficient ionic con-
ductivity, chemical and thermal stability, and mechanical 
strength. The disadvantage of YSZ is low ionic conduc-
tivity below 750 °C. The use of scandia-doped zirconia, 
which has higher ionic conductivity, is one possible solu-
tion, but high cost of scandium and observed detrimental 
effects of ageing in scandia-doped zriconia hinder its use in 
commercial applications. [21, 23, 24] Electrolytes based on 
doped ceria exhibit a higher ionic conductivity than zirco-
nia based materials (0.025 (Ωcm)-1 for Ce0.9Gd0.1O1.95 
in comparison to < 0.005 (Ωcm)-1 for zirconia, at 600 °C), 
and are also much cheaper due to the abundance of ceria 
in natural resources. [21, 25] Ceria is usually doped with 
gadolinium or samarium for its use in solid oxide fuel cells. 
[19-25] A serious drawback of ceria in this application is 
its easy reducibility at low oxygen partial pressures, i.e. the 
reduction of Ce4+ to Ce3+ and formation of oxygen vacan-
cies, which leads to increasing electronic conductivity and 
potential mechanical decomposition under large oxygen 
chemical potential gradients common during SOFC pro-
cess. [21, 25] This problem can be solved by decreasing 
the operation temperature below 600 °C, and doped ceria-
based materials are being successfully implemented as 
electrolytes into modern commercial SOFCs, e.g. by Ceres 
Power Limited (UK). [21, 26]
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In addition to being used as an electrolyte, cerium (IV) 
oxide can also be used in fuel cells as a barrier layer on 
the cathode to hinder its reaction with the YSZ electro-
lyte or it can be added to the cathode or anode material 
to serve as a catalyst. [27] A problem that occurs with 
hydrocarbon fuels is the accumulation of carbon on the 
anode which can deactivate and destroy the anode. In or-
der to get around that problem, mixed conductivity and 
fuel direct oxidation or direct reforming electrocatalytic 
activity need to be secured. The formation of oxygen 
vacancies and the existence of electronic conductivity 
alongside ionic conductivity, which were its drawbacks 
in the use as electrolyte, are now the benefits of ceria for 
usage as anode oxidation catalyst. Ceria-based materials 
are proven to have higher resistance to carbon deposition, 
meaning that hydrocarbon fuels can be supplied directly 
to the anode without pre-reforming and purification. [27-
30] Doping of ceria enhances the favorable properties, so 
a lot of research is focused on doped ceria materials, e.g. 
gadolinium-doped ceria (CGO) [31] and yttria-doped ce-
ria (YDC) [32] The morphology of the catalyst also plays 
an important role as it can provide extra stabilization and 
enhance anode efficiency. Examples are work by Adijan-
to et. al which prepared Pd-CeO2 core-shell systems that 
were found to be effective anodic catalysts for hydrogen 
and methane fuels with extra stability due to the core-shell 
structure [33] and research by Sun et al. who increased the 
efficiency of their anode with Ru-CeO2 by achieving a po-
rous flowerlike microsphere morphology of the CeO2 sup-
port. [34] Research is also done on ceria-alumina systems, 
which are being extensively used in automotive catalysts 
where alumina is used as support for ceria catalyst. [27, 
28, 35] Since it was noticed that the mechanical stability 
of ceria is not satisfying under SOFCs operating condi-
tions [36], an idea arose to combine ceria and alumina 
in order to enhance the mechanical stability, as well as 
thermal stability of ceria without a negative impact on 
its ionic conductivity. In that way, CeAlO3/CeO2–Al2O3 
nanosized-particle electrocatalyst was prepared which ex-
ists as CeAlO3 in a reducing atmosphere and as ceria and 
alumina in an oxidizing atmosphere. [28]

3.2. Supercapacitors
Supercapacitors, also known as ultracapacitors or electro-
chemical capacitors, are electrical energy storage devices 
gaining prominence in recent years. One of the main rea-
sons for the development of supercapacitors is the inevi-
table depletion of conventional energy sources, meaning 
that renewable sources will take over energy production 
industry. Since renewable sources mostly rely on natural 
phenomena like the sun or wind, which are unpredictable 
and unstable, renewable energy is not completely reliable. 
The solution is to find a good way to store the produced 
energy and then use it later when needed. [37, 38] In ad-
dition to batteries, supercapacitors are one of the possible 
solution methods, with their main advantages over bat-
teries being higher power density, faster charging/dis-
charging rate, good stability and longer cycle-life. [37, 
39] A supercapacitor consists of two identical (symmet-
ric supercapacitor) or different (asymmetric capacitor) 
electrodes with a separator in between them (Fig. 6). The 

separator is an ion-permeable, but electrically-insulating 
material placed in an electrolyte which enables ion charge 
transfer between the electrodes. The material used for the 
separator depends on the type of the electrolyte used; ce-
ramic or glass-fibers separators are used in aqueous elec-
trolytes, while polymer or paper separators are used in 
organic electrolytes. [40]
There are a few possible classifications of supercapaci-
tors: type of electrolyte (aqueous or organic), electrode 
material (carbon-based materials, transition metal oxides, 
and conductive polymers) and charge storage mechanism 
(electrochemical double layer capacitors - EDLCs, fa-
radic pseudocapacitors, and hybrid capacitors. [41] Ceria/
graphene composites are mainly studied as electrodes in 
pseudocapacitors. Pseudocapacitors store energy through 
rapid and reversible electrochemical redox reactions 
which occur on the interface between the electrodes and 
the electrolyte, making high specific surface area and high 
electrical conductivity crucial factors for electrode mate-
rials in high-performance pseudocapacitors.

Figure 6. Schematic representation of electrical 
double-layer capacitor.

Graphene or other carbon based materials are in this case 
used as substrates for deposition of active materials and/
or as current collectors which secure high capacitance and 
fast charge transfer of the electrodes. The active compo-
nent is usually a metal oxide or a conductive polymer. As 
metal oxides are concerned, the metals used must have 
at least two oxidation states, which can coexist and be 
freely and easily interchanged. [40] Ceria has two stable 
oxidation states and an easy transition between the states 
is possible without the collapse of crystal structure. Per 
se, ceria can store charge electrochemically by Faradaic 
redox reactions or by non-Faradaic process through elec-
tric-double layers. For better understanding, equations 5 
and 6 present the non-Faradaic and Faradaic process for 
a ceria electrode when KOH is used as electrolyte [42]:

Faradaic process:

	 CeO2 + K+ + e → Ce3+ OOK	 (Eq.5)

Non-Faradaic process:

	 (CeO2 )surface + K+ + e → (CeO2 K
+)surface	 (Eq.6)
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Both processes occur on the surface of the electrode and 
are therefore highly dependent on its specific surface area. 
The use of nanosized ceria instead of bulk one enhances 
the charge-storage performance due to the higher specific 
surface area of nanomaterials. Additional improvements 
can be achieved by doping. Ghosh et al. studied Zr doped 
ceria and reported on the enhancement of pseudocapaci-
tive behavior of ceria due to incorporation of Zr ions into 
the ceria crystal lattice. Namely, doping promotes the 
formation of oxygen vacancies and the redox reaction 
between Ce4+ and Ce3+ ions, which induces higher Fara-
daic contribution to charge-storage. Furthermore, dop-
ing causes the reduction of average crystallite size and 
average particle size which in turn increases the specific 
surface area and improves the non-Faradaic contribution. 
[42]

3.3. Catalytic application

Ceria is extensively used as a heterogeneous catalyst in 
many technologically important processes. Traditional 
catalysts, namely noble metals are expensive, scarce in re-
sources, sensitive to high temperatures and susceptible to 
poisoning. Cerium (IV) oxide is being imposed as a viable 
alternative because it has suitable properties like low cost, 
availability, low sensitivity to high temperatures and good 
resistance to poisoning, while at the same time enabling 
high conversions for certain types of chemical processes. 
Cerium (IV) oxide is used as a catalyst and promotor in 
three-way catalytic converters in car exhaust systems 
[35], for the conversion of water-gas, also known as syn-
thesis gas - a mixture of carbon monoxide and hydrogen, 
to produce hydrogen for various industrial processes [43, 
44], in self-cleaning ovens [45], and for the removal of at-
mospheric pollutants such as volatile organic compounds 
[14, 46].

Figure 7. Carbon monoxide oxidation process in presence of ceria 
catalyst. Blue dots represent cerium atoms, magenta dots oxygen 

atoms and red dots carbon atoms.

The catalytic activity of ceria can be illustrated on carbon 
monoxide oxidation process (Figure 7). CO molecule is 
adsorbed onto the ceria surface (a). The ease of formation 
of oxygen vacancies facilitates the reaction between CO 
and surface oxygen (b). The formed carbon dioxide dif-
fuses away leaving an oxygen vacancy (c), where a new 
oxygen molecule is then adsorbed (d). The presence of 
oxygen vacancy enables the reaction of the adsorbed oxy-
gen molecule with the ceria surface, thereby weakening 
the bond between oxygen atoms in the molecule (e). An-
other CO molecule adsorbs on the surface (f), diffuses to 
the excess oxygen and reacts with it (g) and diffuses away 
from the surface (h). This particular reaction occurs in the 

exhaust system of automobiles and ceria is commercially 
applied as a catalyst in this process. [47, 48] Hence, a more 
detailed explanation of automotive catalytic converters is 
due. 

Figure 8. Basic components of a three-way catalytic converter.

Figure 8 shows the basic components of a three-way cata-
lytic (TWC) converter in automotive exhaust systems. The 
term three-way pertains to the three types of pollutants it 
helps to reduce: nitrogen oxides (NOx), carbon monoxide 
(CO) and hydrocarbons (HC). Basically, three reactions 
happen simultaneously inside the TWC converter: [35]
1.	 Reduction of nitrogen oxides into elemental nitrogen 

and oxygen 
2.	 Oxidation of carbon monoxide to carbon dioxide
3.	 Oxidation of hydrocarbons into carbon dioxide and 

water

Therefore, three-way catalytic converters utilize two types 
of catalyst – a reduction and an oxidation catalyst. Both 
of them typically consist of a monolithic support which is 
usually made of cordierite and has a honeycomb structure 
insuring the best possible contact between the catalyst 
and exhaust gases. The honeycomb consists of channels 
whose inner surface is coated with the catalytically active 
material. This material is composed of a thermally stable 
support (most common being Al2O3), the active phase 
which are mainly noble metals (Pt and/or Pd for oxida-
tion reactions and Rh for reduction reactions) and a ceria-
based promoter (typically CexZr1−xO2). The gas phase 
coming from the engine into the converter constantly and 
rapidly oscillates between lean (air-to-fuel ratio > 14.6) 
and rich conditions (air-to-fuel ratio < 14.6). In order to 
operate properly, a three-way catalytic converter must 
first reduce the NOx compounds during rich conditions 
and then oxidize CO and HC during lean conditions. The 
main role of ceria is to act as oxygen buffer: reduced ceria 
(CeO2−δ) is capable of storing oxygen during lean-to-rich 
transition and thereby promoting the reduction of NOx, 
while it is at the same time able to provide the oxygen 
necessary for CO and HC oxidation during rich-to-lean 
transition. [27, 35] The application of ceria in three-way 
catalytic converters is one of the well-established applica-
tions, but is far from being the sole one and many of the 
ceria applications mentioned in this work will soon find 
their way to larger commercial utilization.

4.	 Hydrothermally derived cerium(IV) oxide
Our group has been dealing with ceria for several years, 
focusing on the preparation of different ceria nanostruc-
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tures, trying out different synthesis methods and different 
dopants for the enhancement of ceria properties. The most 
detailed research was conducted in the preparation of ce-
ria nanoparticles prepared by hydrothermal synthesis and 
aimed for catalytic application, in the oxidation of volatile 
organic compounds. [14, 46, 49, 50] 

Preliminary research included the doping of ceria with the 
same amount of various transition metals to enable the 
comparison of catalytic activity and overall influence of 
the dopant on the properties of ceria. [14] Doping with 
copper, manganese and zinc proved to be the most benefi-
cial for the overall properties of ceria, resulting in spheri-
cal nanoparticles of very small sizes (~ 4 nm) and high 
specific surface areas (~ 200 m2 g-1), as well as very good 
catalytic activity as shown in Figure 9. Therefore, these 
metals were chosen for further research, and special em-
phasis was placed on copper and manganese. Ceria was 
doped with 10, 20, 30 and 40 mol. % of Cu, and 10, 20 
and 30 mol. % of Mn.

Figure 9. Preliminary catalytic activity results for pure 
and transition metal doped samples.

The as-prepared samples doped with manganese showed 
crystallite sizes around 4 nm, while those of samples 
doped with copper were around 3.3 nm, which is unprec-
edented for this synthesis method. Besides ceria, the man-
ganese doped samples showed the presence of monoclinic 
sodium birnessite, Na0.55Mn2O4 ∙ 1.5 H2O, which consists 
of octahedral MnO6 sheets with Na ions and crystal H2O 
molecules in the interlayer. [51] The said birnessite trans-
forms into romanechite-like sodium manganese oxide, 
Na2Mn5O10, upon thermal treatment at 500 °C. However, 
the presence of an additional phase does not have a nega-
tive effect on the properties of CeO2. The specific surface 
area and thermal stability of the samples increases with 
the increase of the manganese amount. [50] The beneficial 
influence of manganese on the overall properties of ceria 
culminates in its catalytic activity. The catalytic activity 
of Mn doped samples in the process of toluene oxidation 
is significantly higher than that of pure ceria sample.

The copper doped samples exhibit no additional phases 
except ceria, which indicates that copper is incorporated 
into the CeO2 crystal lattice forming a solid solution. All 
copper doped samples have better overall properties than 
pure ceria, in terms of thermal stability, higher amount 
of oxygen vacancies and lower band gap values, proving 
the doping advantageous. However, there is no drastic dif-

ference between the doped samples, with the exception 
being the 40 mol. % Cu doped ceria sample. This sample 
possesses the highest thermal stability, the highest num-
ber of oxygen vacancies as determined by XPS analysis, a 
distinct bimodal pore size distribution after thermal treat-
ment at 500 °C which facilitates molecular transport and 
reduces diffusion limitations present in narrow uniform 
pores, and the lowest band gap value (2.71 eV) which is 
extremely favorable for photocatalytic applications. [52] 
These results are also reflected in the best catalytic activ-
ity of 40 mol. % Cu doped sample in the BTEX (benzene, 
toluene, ethylbenzene and o-xylene) oxidation process. 
[49]

The hydrothermal method proved to be a simple, yet ef-
ficient method for the preparation of pure and doped ceria 
samples of high purity, small crystallite sizes, excellent 
properties and very good catalytic activity in the oxida-
tion of volatile organic compounds.

5.	 Conclusion
Cerium (IV) oxide is a material capable of a facile revers-
ible redox process which enables the creation of oxygen 
vacancies, high oxygen mobility and oxygen storage ca-
pacity within the crystal lattice. This key feature of ceria 
allows its use in many different fields, while the intro-
duction of nanostructural design and doping with metal 
ions of lower valence further enhance the overall advan-
tageous properties of ceria and open up the possibility of 
creating new materials with improved properties.
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Abstract
This paper draws attention to the wide range of capacities of the Group, including chemical and physical deposition, 
modification and processing techniques, and advanced characterisations. In particular, this work demystifies the new 
plasma discharge method for the synthesis of thin films, which is still under development.  Specifically, the coupled 
spark plasma ablation deposition (SPAD) can be performed at almost ambient conditions in various configurations with 
respect to several deposition reactors, proving powerful, versatile, green, and easy-to-use nature of the method. Com-
position-wise, up to 4 element material can be derived combining pure electrodes, however the derived composition can 
be broader when using alloy electrodes. It is indisputable that SPAD is capable of producing thin films at a significantly 
reduced cost compared to other methods.which we want to put in use for the constituent layers of the last generation of 
energy conversion devices. Generally, the SPAD optimisation envelope heavily differs for the case of intended products: 
nanoparticle vs thin film, or metal vs metal oxide, or crystalline vs amorphous. Here, we will provide a more detailed de-
scription of the ablation parameters that are necessary to achieve the various crystallinities of nanomaterials. Copper 
nanoparticles and thin films were derived via SPAD and additionally thermally treated. (Micro)structural and thermal 
evolution points out to interesting development of the surface morphologies. In addition, the results enabled the correla-
tion between oxygen plasma concentration and order of crystallinity in the thin films.

Keywords: spark ablation; plasma; nanomaterial; thin film; copper oxide.


