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ABSTRACT: Doping is a powerful strategy for enhancing the performance of ceria (CeO,)
nanomaterials in a range of catalytic, photocatalytic, biomedical, and energy applications. The
present review summarizes recent developments in the doping of ceria nanomaterials with
metal and non-metal dopants for selected applications. The most important metal dopants are
grouped into s, p, d, and f block elements, and the relevant synthetic methods, novel properties,
and key applications of metal doped ceria are collated and critically discussed. Non-metal
dopants are similarly examined and compared with metal dopants using the same performance
criteria. The review reveals that non-metal (N, S, P, F, and Cl) doped ceria has mainly been
synthesized by calcination and hydrothermal methods, and it has found applications mostly in
photocatalysis or as a cathode material for LiS batteries. In contrast, metal doped ceria
nanomaterials have been prepared by a wider range of synthetic routes and evaluated for a
larger number of applications, including as catalysts or photocatalysts, as antibacterial agents,
and in devices such as fuel cells, gas sensors, and colorimetric detectors. Dual/co-doped ceria

Conversion &

containing both metals and non-metals are also reviewed, and it is found that co-doping often leads to improved properties
compared with single-element doping. The review concludes with a future outlook that identifies unaddressed issues in the synthesis

and applications of doped ceria nanomaterials.

1. INTRODUCTION

Cerium (Ce) is among the most abundant of the rare earth
elements. The element has two stable oxidation states, +3 and
+4, which arise from its unique electronic configuration of
[Xe]4f'5d'6s% The reaction between Ce and O, can lead to
the formation of different oxide phases depending on reaction
parameters such as temperature and pressure, but the most
common oxides are Ce,0; and CeO,." Cerium(IV) oxide
(Ce0,), or ceria, is the most stable of these oxides and has a
cubic fluorite structure. In the cubic fluorite structure, eight
oxide ions (O*7) surround each Ce** ion at the cube corners,
and four cations coordinate each anion to form a tetrahedron.
Pure CeO, is a pale-yellow color due to charge transfer
between the Ce*" and O®” ions. At high temperatures, ceria is
known to undergo a reduction reaction without a change in
crystalline phase but with a noticeable color change from
yellow to blue or black, depending on the density of oxygen
vacancies.”

In nanomaterials, surface defects become more pronounced
compared with the bulk, because the fraction of surface atoms
increases with the decreasing size of the particle. This surface
effect leads to the emergence of interesting properties
including a high capacity for oxygen release and storage,
good catalytic activity, high refractive index, high transparency
in the visible region, and strong UV absorption™* These
characteristics have been exploited in various applications
including catalysis of three-way reactions to mitigate toxic
exhaust gases from automobiles, water—gas shift reactions at

© XXXX The Authors. Published by
American Chemical Society

- ACS Publications

low temperature, oxygen sensors, oxygen-permeable mem-
branes, fuel cells, supercapacitors,” cancer therapy, photo-
catalytic pollutant degradation, and polishing agents,”” These
diverse applications have prompted the synthesis of ceria by
numerous routes including hydrothermal synthesis, co-
precipitation, microwave-assisted synthesis, and green syn-
thesis.””

Over the last decade, interest in the preparation of doped
ceria nanomaterials has increased. When ceria is doped,
extrinsic defects are introduced into its crystal structure,
oxygen vacancies are produced, and oxygen migration is
improved, all of which lead to enhanced properties.'” The
doping can be achieved by introducing a metal or non-metal
dopant."' ™" The advantages of doping include but are not
limited to the fact that the catalytic activity is enhanced. One
way this can be achieved is by doping with group 1 or 2 metals
of high ionic mobility, which act as shallow electron traps that
inhibit the electron—hole recombination process. Furthermore,
doping with rare earth metals leads to weaker metal—oxygen
bonding, which also favors superior catalytic properties.'® In
addition, oxygen vacancies in doped ceria nanoparticles (NPs)
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could be used as probes to sense the radicals produced when
they are transferred by a hopping mechanism.'” Dopant
addition can also disrupt chemical bonding on the surface of
NPs, thereby creating new active centers that will enhance the
selectivity and stability of the resulting doped catalyst.'®

Several reviews have been written on ceria nanomaterials,
doped ceria, and ceria-based composite nanomaterials, in
which the fundamental aspects of the redox, acid—base, and
catalytic properties of ceria-based materials have been
discussed extensively.”'? Many authors have also reviewed
approaches for improving the catalytic activity of ceria-based
composites in photocatalytic CO, conversion,”” NO reduc-
tion,m’22 energy conversion and storage,B_25 water purifica-
tion,”® and gaseous pollutant puriﬁcation,(”27 Furthermore,
strategies for encapsulation of metal NPs by ceria nanoshells
using appropriate synthetic routes have been discussed and
their catalytic properties highlighted.”® The modification and
catalytic mechanisms of effective ceria-based photocatalysts for
organic gollutant degradation have also been reviewed
recently.' >’

Although many reviews covering ceria, doped ceria, and
ceria-based nanomaterials already exist, these reviews focus on
doped ceria for only one or at most a few specific applications.
So far, there has not been a systematic review covering all
known dopants (metals and non-metals) and applications.
Given the above, this review aims to compile and critically
discuss all of the different types of dopants, preparation
methods, novel properties, and the diverse range of
applications of doped ceria. The dopants are grouped and
discussed under different headings; metal doped (s block, d
block, and f block elements, and dual/co-doped) and non-
metal doped ceria, in order to establish a relationship between
the chemistry of the dopant and the properties and
applications of doped ceria. The review concludes with a
discussion of the prospects and challenges associated with
achieving optimized performance for doped ceria in its various
applications.

2. PROPERTIES OF CERIA

The diverse applications of ceria stem from its varied physical
and chemical properties, including redox properties such as the
low redox potential of the transition between Ce®* and Ce*" in
the cubic fluorite structure, unusual acid—base properties, high
oxygen storage capacity (OSC), and interesting optical
properties. ~ The density, coordination, and structure of
cationic and anionic surface sites, in addition to vacancies
and other defects, can be controlled by changing the
morphologies of ceria NPs. The particle morphology in turn
depends on the synthesis route emplogred, which can be
selected to target specific applications™**""

2.1. Optical Properties of Ceria. Ceria is an n-type
semiconductor with an experimentally observed optical band
gap of ~3.2 eV. However, the assignment of the main optical
transition associated with this band gap has proved somewhat
controversial,”* partly due to the varying abilities of common
density functional theory methods to reproduce the local-
ization of Ce 4f electrons and subsequent polaron formation.*”
It is currently thought that the observed band gap arises mainly
from an O 2p — Ce 4f transition, which is expected to occur
between fully occupied O 2p states and empty Ce 4f states.” >
The band gap of ~3.2 eV means that ceria only absorbs
ultraviolet (UV) light of wavelengths <390 nm. Another
interesting optical property of ceria is its high refractive index,

which is in the range 2.2—2.8 at 632 nm. Such a high refractive
index makes ceria useful in the manufacturing of glasses, filters,
and optoelectronic devices.**™°

In order to enhance the performance of ceria in photo-
catalytic applications, the light absorption range must be
expanded to the visible region, which can be achieved by
doping, by forming a composite or heterojunction, or by
manipulating the synthesis route to generate defects in the
structure.”””’ ™" For instance, Khan and co-workers synthe-
sized ceria using the electron beam irradiation method.” By
subjecting the commercial ceria to two different doses of
electrons, the electron beam technique achieved “defect
engineering”, and the resulting modified ceria particles were
compared with pristine ceria. Electrochemical impedance
spectroscopy (EIS) and optical analysis of the modified ceria
nanostructures revealed an apparent defect-induced reduction
in the band gap energy of ceria, resulting in a higher interfacial
electron transfer rate and reduced photocarrier recombination
under visible light irradiation. The modified ceria nanostruc-
tures demonstrated superior photocatalytic activity compared
with pristine ceria.** In other research, a green method
employing an electrochemically active biofilm (EAB) was used
to modify ceria nanomaterials and lower their band gaps. The
modified ceria nanostructures demonstrated enhanced photo-
activity durin&p}g)toinduced dye degradation compared with
pristine ceria.”

2.2. Oxygen Storage Capacity and Catalytic Proper-
ties of Ceria. Ceria is capable of storing oxygen through
variation of its stoichiometry, enabling it to supply oxygen
when required durin§ oxidation reactions or remove it during
reduction reactions.*” The ability of ceria to act as an “oxygen
reservoir’” fundamentally arises from the ease with which Ce
transitions between its +3 and +4 oxidation states, as illustrated
in Figure 1. This redox behavior is critical for most catalytic

(a) ¢ (b) .
0 “0e® 0“0
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© O o
Figure 1. Crystal structures of (a) pure ceria and (b) ceria containing
M?>* jons and the associated oxygen vacancies.

applications of ceria and is influenced by parameters including
the size and shape of ceria NPs. Research has revealed that
particles of size <5 nm release more active oxygen than larger
NPs.® Moreover, particle shapes, such as rods and cubes, tend
to exhibit better oxygen storage performance than other
polyhedrons, such as octahedrons. This oxygen reservoir
property also enables ceria to act as a radical scavenger, thus
making it a valuable material in the biomedical field.*
Compared with materials possessing similar band gaps (ZnO
and TiO,, for example), ceria has a higher oxygen ion mobility
and a longer photogenerated charge carrier lifetime, making it
superior for certain optical and related applications***’
Furthermore, ceria is known to be an active oxygen donor in
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certain reactions, including three-way -catalytic (TWC)
reactions to decompose toxic components of automobile
exhaust, water—gas shift (WGS) reactions at low temperature,
oxygen permeation membrane systems, oxygen sensors, and
fuel cells. The oxygen storage capacity of ceria has also been
exploited for solar-driven thermochemical water splitting,
which is an extremely promising alternative to solar-driven
photoelectrochemical water splitting.”*

3. DOPED CERIA NANOMATERIALS

Structural modification of ceria through the introduction of
dopants is one way to improve its properties for different uses,
as this usually leads to a lower band gap and the creation of
abundant oxygen vacancies or other catalytically active defects.
Ceria is particularly amenable to doping with various types of
dopants due to the variable oxidation state of the cerium ions
in the ceria lattice, making it possible to introduce dopants that
can replace cerium in either the +4 or +3 oxidation state.
Figure 2 illustrates the different types of dopants that can be

Figure 2. Different types of dopants that have been successfully used
to dope ceria.

used for ceria nanomaterials. Doping is a common strategy to
modulate the effective conduction band (CB) and/or valence
band (VB) energies of semiconductors, as illustrated in Figure
3. For instance, Mn** doping in the ceria structure induces a
shift of the Mn—O antibonding orbitals into the VB, leading to
the formation of single spin states at the top of the VB and
changing the energy of the VB edge, which in turn leads to
enhanced absorption in the visible region.'” A large number of
synthetic methodologies have been reported for doping ceria
NPs, including microwave-assisted methods, hydrothermal/
solvothermal methods,*® co-precipitation, microemulsion
methods, green synthesis,49 thermal decomposition,SO and
sol—gel and solid-state synthesis. In this review, the known
dopants will be grouped and discussed under the headings
metal doped (s, block, d block, and f block elements, and dual/

co-doped) and non-metal doped ceria.
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Figure 3. Creation of band gap states and modification of the band
gap energy in metal doped ceria.

3.1. Metal Doped Ceria. Metal dopants are known to alter
the properties of ceria by increasing the density of oxygen
vacancies, thereby extending the range of light absorption into
the visible region, which may be useful in optical and
photocatalytic applications. Several different groups of metals
including s block, d block, and f block elements have been used
as dopants in ceria NPs, and these will each be reviewed in the
following sections.

3.1.1. s Block Metal Doped Ceria. The s block metals
comprise groups 1 (alkali) and 2 (alkali-earth metals) of the
periodic table. The doping of ceria with s block metals can alter
not only the optical but also the biocidal properties of
nanomaterials. The antibacterial activity of ceria NPs arises
from the strong reducing and oxidizing agents generated by
ceria, which can be controlled by doping with alkaline metal
ions. These ions operate as electron traps and lead to changes
in the band gap energy, thus slowing down the recombination
of electron—hole pairs. In turn, this promotes reactive oxygen
species (ROS) production and improves the antibacterial
effectiveness of the ceria NPs.””*>>!

In research conducted by Sisubalan and co-workers, Ba-
doped ceria was prepared by the grecipitation method, and its
biocidal activity was investigated.” For comparison, undoped,
Mg-doped, Ca-doped, and Sr-doped ceria were also tested.
TEM observations revealed that the undoped ceria NPs
adopted a spherical structure, while the various types of doped
ceria showed needlelike structures with average sizes of 23, 19,
15, 13, and 10 nm for the undoped, Mg-, Ca-, Sr-, and Ba-
doped ceria, respectively, with corresponding band gap energy
values of 2.85, 2.9, 2.95, 3.0, and 3.1 eV. Radical scavenging
activities determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay were 57.4%, 55.9%, 51.7%, 65.5%, and 68.0% for the
undoped, Mg-, Ca-, Sr-, and Ba-doped ceria, respectively. The
antibacterial results showed that Ba-doped ceria had the
highest biocidal activity, and this was attributed to it
comprising the smallest particles and exhibiting the highest
ROS production rate.*®

Na-doped ceria prepared via a cryochemical route in liquid
nitrogen with different molar ratios of Na and Ce was tested as
a catalyst for CO, hydrogenation.”> The results revealed that
the yield of CO produced varies with the Na/Ce ratio used. A
Na/Ce ratio of 10 resulted in the lowest yield of 2.51 mmol/
g../h. On increasing the ratio to 100, the performance
improved with a yield of 3.90 mmol/g.,/h, but a decline in
yield was observed for a higher ratio of 200 (3.72 mmol/g.,,/
h), indicating that there is an optimum molar Na/Ce ratio that
gives the best performance. The catalyst with optimum
performance exhibited a lower order of reaction in CO, and
the highest density of oxygen vacancies in its structure.
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In other research, the effect of Na dopant concentration on
the activity of a Ni/CeO, catalyst for the water—gas shift
(WGS) reaction was studied.”> The CO, generated with 2 wt
% Na doping corresponds to 97.5% yield, but on increasing the
doping to 5 and 10 wt %, the yield decreased to 97.1% and
94.4%, respectively. The result revealed that 2 wt % Na-doped
ceria exhibited the best performance as a catalyst for the WGS
reaction as well as for suppressing methane generation, which
is an unfavorable side reaction. The peak efficiency of this
catalyst arose because Na has a solubility limit of 2% in the
ceria lattice, at which the optimal oxygen vacancy density is
produced. Above this percentage, sodium is no longer
incorporated into the ceria structure due to the solute drag
effect, which inhibits grain boundary movement, and the
oxygen vacancy density in the ceria is no longer optimum. Na-
doped ceria has also been investigated as a catalyst for the
dehydration of 1,5-pentanediol.”* The results revealed that the
doped ceria was more selective than the undoped ceria, thus,
suppressing unwanted side reactions. However, the incorpo-
ration of Na into the ceria structure reduces the number of
intrinsic defects and, thus, lowers the dehydration rate.

Doped ceria has also been evaluated as a catalyst for organic
reactions. In research conducted by Zhou and co-workers, Ca-
doped ceria beads were prepared by the cation exchange
method and tested for acetic acid ketonization.'"® SEM
observations showed that the 6 wt % Ca-doped ceria material
had an average diameter of about 40 nm and was more
monodisperse than the undoped ceria (average diameter ~100
nm). The catalytic test performed at 350 °C revealed that the 6
wt % Ca-doped ceria was stable and more selective toward the
formation of acetone, while the undoped ceria experienced
deactivation leading to a ~15% drop in conversion. Similarly,
the catalytic dehydration of 2-octanol using a Ca-doped ceria
catalyst synthesized by thermal decomposition was inves-
tigated.”> The BET surface area values of the catalyst powders
were 89, 95, and 100 m*/g for the undoped and 0.15 wt % and
0.50 wt % Ca-doped ceria powders, respectively; a further
increase in doping to 1.25 wt % resulted in a reduction in
surface area to 91 m*/g. SEM showed that the 0.15 wt % Ca-
doped ceria comprised smaller and more monodisperse
particles than the undoped ceria. The catalytic test revealed
that the 0.15 wt % Ca-doped ceria displayed the best
performance for the conversion of 2-octanol, while the
undoped ceria experienced a 35% drop in conversion after
some time. However, for both Ca-doped and undoped ceria,
the selectivity of product formation was the same.

Ca-doped ceria has also been investigated as a potential
photocatalyst. In research conducted by Ramasamy and co-
workers, Ca-doped ceria with various dopant concentrations
was prepared by the sol—gel method and tested for the
photodegradation of methylene blue.”® The experiments were
performed under solar irradiation in the open, and aliquots
were taken at 10 min intervals over a period of 50 min. The
photocatalytic efficiencies of undoped and 1, 3, 5, and 7 wt %
Ca-doped ceria were 60%, 57%, 76%, 84%, and 78%,
respectively. It can be observed that the 5 wt % Ca-doped
ceria has the highest photocatalytic response, and this has been
attributed to its smaller crystallite size (as calculated from p-
XRD) compared to ceria with other dopant concentrations.
The smaller size of S wt % Ca-doped ceria leads to a higher
surface area and thus a greater number of active surface sites
per unit mass.

The application of s block metal doped ceria for photo-
catalytic applications has also been reported by Murugan and
co-workers. These authors synthesized group 2 metal (Mg, Ca,
Sr, and Ba) doped ceria nanomaterials using a hydrothermal
method.”” The incorporation of these metals into ceria was
evident in the Raman spectra as a reduction in the intensity
and a shift in the wavenumber of the peaks. The average
particle size observed in the TEM images suggested that
doping decreases the particle size due to supersaturation effects
during particle nucleation and growth, leading to a higher
nucleation rate relative to the crystal growth rate. The effect of
doping on methylene blue degradation was investigated, and
the results revealed that the doped ceria was more effective at
degrading MB than undoped ceria, with solution transmittance
values after degradation of 43, 79, 86, 89, and 97% recorded for
undoped, Mg-doped, Ca-doped, Sr-doped, and Ba-doped,
respectively. The synthesis, properties, and applications of s
block metal doped ceria are summarized in Table 1.

It is clear from the surveyed literature that s block doped
ceria has been synthesized using a range of well-established
synthetic methods, namely, co-precipitation, sol—gel, hydro-
thermal, thermal decomposition, cryochemical, and cation
exchange methods. However, certain modern techniques such
as microwave-assisted or ultrasound-assisted synthesis have not
been explored in detail, and most studies only focus on one or
a few dopant metals, which makes it difficult to directly
compare the influence of different dopants due to variations in
the synthesis method and, consequently, the resultant particle
size and morphology. This is particularly critical because most
of the surveyed applications of s block metal doped ceria
require fine control over not only the metal dopant
concentration but also the size and shape of the ceria particles
for optimum performance. It is therefore advisable to explore a
broader range of synthetic methods to obtain better control
over the dopant concentration and ceria particle size and
shape. It would also be interesting to conduct more systematic
studies covering a wider range of s block dopants to facilitate
direct comparisons between s block metal doped ceria
prepared using the same synthesis method.

3.1.2. d Block Metal Doped Ceria. The inclusion of less
expensive transition metals in the lattice of ceria can enhance
heat stability, improve redox properties, and control the
density of oxygen vacancies, resulting in superior catalytic
activity, which can be attributed to the variable oxidation state
of transition metals and the strong synergy that exists between
them and ceria. This section summarizes the various transition
metals that have been used successfully as dopants for ceria.

Ni-, Fe-, and Mn-doped ceria were prepared using a
hydrothermal method and evaluated as catalysts for the
oxidative dehydrogenation of ethane.”® The ceria doped with
Ni was more selective toward CO production (94%), and this
was attributed to the synergy between Ce and Ni leading to the
formation of elemental Ni; thus this reaction was dry reforming
rather than selective oxidation, while in Mn-doped ceria, the
oxygen was activated, and there was no formation of metallic
Mn. Hence, only moderate conversion of ethane (39.7%) and
selectivity toward ethylene (45.6%) were achieved. In another
work, Mn-, Fe-, Co-, Ni-, and Cu-doped ceria were prepared by
the reverse microemulsion method and then tested as catalysts
in a fuel cell”” SEM revealed different grain sizes for the
different dopants, with the largest grain observed for Cu while
Ni has the smallest. The electrical tests revealed a decrease in
current density, except for Ni- and Co-doped ceria, which were
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the most stable. The catalytic behavior of Ni- and Co-doped
ceria above is in contrast with what was observed when they
were prepared by the hydrothermal method and studied as a
catalysts in the conversion of toluene by another research
group.”’ The temperatures at which 50% of the toluene was
converted were 267, 217, 231, 242, and 254 °C for undoped
and Cu-, Mn-, Zn-, and Fe-doped ceria, respectively. In
contrast, for Ni and Co-doped ceria, 50% conversion of
toluene was observed at temperatures as high as 274 and 326
°C, respectively, which is poor compared to that for pure ceria.

The effect of ionic radii on the oxygen storage capacity and
electrochemical activity toward hydrogen oxidation in fuel cells
was investigated for ceria doped with Ni, Cu, Co, Mn, Ti, and
Zr.°" The results revealed that the Ni- and Cu-doped ceria had
a higher oxygen storage capacity. For example, Ce;,Cug30,_;
exhibited about 1 mol [O,]/g of oxygen storage capacity and
high redox stability at 700 °C. Likewise, Cey4Niy,0,_s
generated a power density of 0.15 W/cm?® when evaluated as
an anode in a solid oxide fuel cell. The good performance of
these Ni- and Cu-doped ceria was attributed to their smaller
ionic radii and lower redox potential.

A comparison between two methods of preparation (co-
precipitation and mechanochemical activation) and the
resulting WGS activity was studied by Tabakova and co-
workers.”” The results showed that the samples prepared by
mechanochemical activation had better catalytic activity than
those prepared using co-precipitation. Fe- and Mn-doped ceria
prepared by mechanochemical activation displayed the best
performance, with Fe-doped ceria experiencing good stability
with just a 7% drop in conversion efficiency. The results were
justified by the data obtained on both methods of preparation;
doped ceria samples prepared by the mechanochemical
conversion had a larger fraction of smaller size compared
with those prepared by the co-precipitation route as is also
evident in the XPS analysis with a high concentration of Ce®"
ions present in the Fe- and Mn-doped ceria.

The photocatalytic response of some transition metal doped
(Mn*" and Fe®") ceria was compared with rare earth metal
doped (La*" and Pr*") ceria synthesized by the sol—gel method
and studied for the degradation of rhodamine B.”” The band
gap energy values of 3.01, 2.45, 2.77, 2.90, and 2.87 eV were
calculated for undoped, Mn-doped, Fe-doped, La-doped, and
Pr-doped ceria, respectively. The photoluminescence spectra
revealed that there is a red shift and broadening of peaks with
doped ceria, and the highest shift was recorded for the Mn-
doped ceria. Thus, Mn-doped ceria showed the best photo-
catalytic response followed by Fe-doped ceria, while the La-
and Pr-doped ceria had reduced activity. This has been
attributed to the higher surface area and more oxygen
vacancies present with the transition metal ions.

Furthermore, the first-row transition metals have been
studied more, and their properties have been evaluated in
various applications. For instance, Cu-doped ceria was
synthesized by thermolysis of a metal—organic framework
(MOF) precursor, and the resulting porous nanostructures
were tested as a catalyst for CO and NO elimination.”* The
nanostructures were obtained from two different ligands,
benzene dicarboxylic acid (BDC) and 4,4-biphenyl dicarbox-
ylic acid (BPDC). The resultant Cu-doped ceria had specific
surface areas of 88.11 and 97.00 m?/g, from BDC and BPDC,
respectively. The catalytic results revealed that, for the
conversion of CO into CO,, the conversion temperatures of
the two Cu-doped ceria nanostructures are 110 and 140 °C for
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Na-doped ceria = more selective, less % conversion;

68.0% = Ba-doped
yield of CO (mmol/g,/h): Na/Ce of 10
undoped ceria = less selective, more% conversion

of 100 = 3.90; Na/Ce of 200 = 3.72
ceria = deactivated (15% drop conversion)

yield of CO,: 2 wt % Na -doped
ceria = 35% drop in conversion

doped

6 wt % Ca-doped
0.15 wt % Ca-doped = optimum performance; undoped

performance
scavenging activities of 57.4% = undoped ceria; 55.9%
solution transmittance after degradation: 43% = undoped;

application
octanol
methylene blue
dehydration of 1,5-
pentanediol
methylene blue

tion

dehydration of 2-
photodegradation of photocatalytic efficiencies: undoped

acetic acid ketoniza-

antibacterial

CO, hydrogenation
WGS reaction
degradation of

morphology
40 nm; undoped ceria = 100 nm

Ba-doped

nm): 23 = undoped; 19 = Mg-doped; 15 = Ca-doped; 13 = Sr-

doped; 10
size less than 10 nm

doped

15.3 nm = undoped; 23.1 nm = 2% Na-doped; 23.6 nm = 5% Na-
6 wt % Ca-doped

undoped ceria = spherical; doped ceria = needle-like; particle sizes (in
average size: undoped ceria= 3.25 nm; doped ceria < 3.25 nm

undoped ceria= polyhedron; 0.15 wt % Ca-doped = cuboid

spherical NPs
not reported

Sr-doped; 3.1

band gap energy (eV)
2.85 = undoped ceria; 2.9 = Mg-doped;

Ba-doped

2.95 = Ca-doped; 3.0
not reported

not reported

not reported
not reported
not reported
not reported
not reported

od
precipitation
tion method
tion method

synthesis meth-

freezing route in
liquid N,

wet impregna-

gelation/cation
exchange

thermal decom-
position

sol—gel

wet impregna-

hydrothermal
method

material
Mg-, Ca-,
Sr-, and
Ba-doped
Na-doped
Na-doped
Ni/ceria
Ca-doped
Ca-doped
Ca-doped
Na-doped
Sr-, and
Ba-doped

Table 1. Synthesis, Properties, and Applications of s Block Metal Doped Ceria
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Figure 4. TEM, HR-TEM, and SAED patterns of (a—c) undoped, (d—f) 4% Co-doped, and (g—i) 12% Co-doped ceria NPs. Reproduced from ref

70 under the terms of a Creative Commons CC-BY-4.0 license.

BPDC and BDC, respectively. The better catalytic activity of
Cu-doped ceria from BPDC is consistent with its higher
surface area.

The effect of different concentrations of Cu-doped ceria
synthesized by the hydrothermal method was investigated by
Muzina and co-workers.'” The size decreases with increasing
copper concentration from 6 nm (undoped ceria) to 3.8 nm
(0.4 mol of Cu-doped ceria). This is also evident in the band
gap energy as the values obtained decrease with an increase in
Cu concentration. The decrease in the band gap was attributed
to the introduction of defect energy states in the band gap,
which slows the transition of electrons and eventually results in
a narrowing of the band gap. The hydrogen reduction
experiment revealed that the reaction temperature decreases
while the amount of hydrogen consumed increases with
increasing doping; the undoped ceria required 410 °C to
reduce 0.26 mmol/g of H,, while with the 40% Cu-doped
ceria, the reaction could be carried out at a low temperature of
141 °C with the consumption of 1.27 mmol/g H,.

Mn-doped ceria nanomaterials were prepared by the polyol-
assisted co-precipitation method, and their catalytic activity
was evaluated.”® The 7% Mn-doped ceria displayed the best
catalytic performance compared with that of the undoped ceria
and 2 and 4 mol % Mn ion doped catalysts. This efficiency has
been attributed to the increase in the charge transport rate.
The electrical resistivity of Mn-doped ceria (Ce;_,Mn,O,)
synthesized by the solid-state method was investigated by
Kumar and co-workers,”° whose Raman study revealed a red
shift in the peaks at x = 0.07, whereas a blue shift was observed
for x = 0.15. The electrical resistivity measured as a function of
temperature showed an increase in resistivity with Mn doping;
the room temperature dielectric constant at 2 kHz frequency
was found to be about 20 and 53 for undoped ceria and
Ce;_g1sMny50,, respectively. Mn-doped ceria was prepared

by co-precipitation, and the UV absorption was studied and
compared with undoped ceria.”” The band gap energy of the
Mn-doped ceria is 3.0 eV while that of the undoped ceria is 3.2
eV, and this manifested in their UV absorption, where the Mn-
doped ceria demonstrated enhanced absorption compared to
that of the pure ceria.

Co-doped ceria was prepared by the precipitation method
and was tested as a catalyst in oxidation reactions and as an
optical sensor for H,0, detection.”® The Co-doped ceria
exhibited 100% CO and propane conversion at 450 °C with
the optimum catalyst loading of 0.75 wt % Co and also
exhibited a wide range of detection and a very low detection
limit. The application of Co-doped ceria was also extended to
the hydrogen evolution reaction. The Co-doped ceria was
synthesized by the solvothermal route, and the results showed
that the Co-doped ceria nanosheets had the best performance
with an overpotential of 132 mV at 100 mA/cm* while the
undoped ceria has an overpotential of 301 mV at the same
current density.”’

Furthermore, Co-doped ceria of various Co weight
percentages was synthesized by microwave-assisted synthesis
and investigated for the photocatalytic degradation of
methylene blue and 4-nitrophenol.”” TEM measurements
revealed particle sizes between 4 and 13 nm (Figure 4), while
the band gap energy values obtained were 2.56, 2.46, 2.41,
2.32, and 2.28 €V for the undoped and 1%, 4%, 8%, and 12%
doped ceria, respectively. The results from the photocatalytic
degradation experiments showed that the 12% Co-doped ceria
exhibited the best performance due to its lower band gap
energy.

The green synthesis method has been used for Ni-doped
ceria and its UV protection was evaluated.”” The findings
indicated that increasing the concentration of Ni doping
enhanced the activity as observed in the sun protection values;
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Figure S. TEM, HR-TEM, and SAED patterns of (a—c) undoped, (d—f) 0.5% Pd-doped, and (g—i) 5% Pd-doped ceria NPs. Reproduced from ref

82 under the terms of a Creative Commons CC-BY-4.0 license.

40.9, 43.6, 46.6, and 48.5 were recorded for the undoped ceria
and 1%, 3%, and 5% Ni-doped ceria, respectively. In other
work, Ni-doped ceria’s reducibility performance was compared
with that of nickel deposited over ceria as support.”’ The
decomposition of a Schiff base complex was used to produce
Ni-doped ceria, and the result revealed that the Ni-doped ceria
performed 7 times better than the one used as support.
Fe-doped ceria was prepared by co-precipitation, and its
specific capacitance was investigated.”' The 10% Fe-doped
ceria exhibited excellent cycling stability and a high specific
capacitance of 559 F/g, while the undoped ceria gave ~121 F/
g at 1 A/g. The anticancer activity of Fe-doped ceria
synthesized by the green method has also been studied by
Rahdar and co-workers.”” A half-maximal inhibitory concen-
tration (ICs,) of 6.1 and 3.02 mg/mL was recorded for the Fe-
doped ceria NPs after 48 and 72 h exposure, respectively, and
it is noteworthy that cancer cell viability was reduced to about
21% within 72 h of exposure to the Fe-doped ceria. The
colorimetric detection of 2,4-dinitrophenol at a low detection
limit of 0.45 ug/mL was also achieved using a polymeric Fe-
doped ceria incorporated into Au NPs to form a support.””
The effect of the ratio of Ce to Cr on the catalytic
performance was studied by Venkataswamy and co-workers.”*
The Cr-doped nanomaterials were prepared by the hydro-
thermal method in 3 different Cr percentages of 5%, 10%, and
15%. The energy band gap values revealed an initial decrease in
band gap from 2.93 eV for undoped to 2.73 eV for 5% Cr-
doped and 2.64 eV for 10% Cr-doped but on increasing the
doping to 15%, the value rose to 2.82 eV. The 10% Cr-doped
exhibited the best catalytic performance with the lowest
oxidation temperature of 261 °C, followed by 5% doped (286
°C), 15% doped (303 °C), and undoped ceria (338 °C). The
efficiency of the 10% Cr-doped ceria was attributed to its high

oxygen vacancy concentration and surface area, as is evident
from XPS and BET analysis.

V-doped ceria has been synthesized by the calcination of sol
and tested as a catalyst in syngas production.”” The average
particle size increased from 18 nm for undoped ceria to 38 nm
for the 7% V-doped ceria, and an increase in porosity was also
observed. The syngas production increased with V-doped ceria
with the production of about 90 mmol/g of the gas, while the
activation temperature decreased from 962 °C in undoped
ceria to 784 °C in V-doped ceria.

A simple co-precipitation method utilizing the green reagent
oxalic acid was used to produce Zn-doped ceria.”® The band
gap energy of ceria NPs is ~3.09 eV, and that of Zn-doped
ceria is ~3.12 eV. The difference in the band gap can mainly be
attributed to quantum confinement in the smaller Zn-doped
particles, which increases the band gap energy. Other transition
metals, such as cadmium, have also been used to dope ceria.
Ramasamy and co-workers prepared Cd-doped ceria by co-
precipitation, and the optical properties were investigated.”’
The band gap energy was found to increase with decreasing
particle size, which led to improved absorption in the visible
region. The doped ceria with the best optical behavior is that
with 0.4 wt % Cd with weaker intensity peaks and red shift
observed in its photoluminescence spectrum confirming its
higher oxygen vacancies.

Diverse applications resulting from doping ceria with the
second- and third-row d block elements have also been
reported by many research groups.'””"’®”” For instance, Zr-
doped ceria was prepared using a biosynthetic route, and the
antibacterial activities were evaluated.” A reduction in band
gap energy value was observed with increasing % doping; the
calculated values are 2.64, 2.60, 2.55, and 2.54 eV for the
undoped ceria and 1% Zr-, 5% Zr-, and 10% Zr-doped ceria,
respectively. The bactericidal tests showed growth inhibition
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and cell death at a concentration of 1024 ug/mL for undoped
ceria and a concentration of 512 pg/mL for 1% Zr-doped ceria.
Interestingly, a reduction in bactericidal activity was found for
5% and 10% Zr-doped ceria. Similarly, Ag-doped ceria was
produced by the biosynthesis method, and its cytotoxicity was
investigated using the electromagnetic perceptive gene (EPG)
human gastric cancer cell line, and it showed no significant
cytotoxicity for concentrations up to 62.5 mM.”®

Furthermore, the photodegradation activities of Ag-, Au-,
and Pt-doped ceria s7ynthesized by the hydrothermal method
have been evaluated.”” Their band gap energy values are 2.57,
2.32, 2.20, and 2.18 for the undoped ceria and Au-doped, Ag-
doped, and Pt-doped, respectively. The catalyst Au-doped ceria
is the most active, having a degradation efficiency greater than
98%. In another study, the photocatalytic reduction of CO,
using Mo-, Y-, and La-doped ceria prepared by the hydro-
thermal method was investigated.'” The Y-doped ceria had the
best performance, producing 22 ppm of CO gas in the first
hour, followed by Mo-doped with 8 ppm of CO generated in
the first 3 h.

Pd-doped ceria NPs have also been investigated for various
applications. In research conducted by Liu and co-workers, Pd-
doped ceria prepared by the hydrothermal method was used
for the electrochemical detection of phenol.*” The Pd-doped
ceria sample with 5% doping gave the best result with good
thermal stability and a detection limit of 0.39 gmol/L. In other
research, the cytotoxicity of PEGylated Pd-doped ceria was
compared with Pd NPs and ordinary Pd-doped ceria.”' These
were tested on a human lung cancer cell line, and the findings
revealed that the PEGylated Pd-doped ceria exhibited strong
cytotoxicity with an ICsy ~ 81.25 ug/mlL, followed by Pd-
doped ceria (~118.75 pg/mL), and last, ~231.25 pug/mL was
observed for Pd NPs.

Pd-doped and undoped ceria NPs of different Pd weight
percentages (0.5%, 1%, 3%, and 5%) were synthesized via the
microwave-assisted synthesis method.”> Mixed phases of
Ce0,/Ce,0 were observed in undoped ceria (S-CeO,) and
Pd-doped ceria, but the Ce,O; phase gradually disappeared
upon doping with higher amounts of Pd. TEM observations
revealed that almost spherical particles were obtained with
average sizes between 6 and 13 nm, with the particle size
decreasing as more Pd was added (Figure S). The band gap
energy values were 2.56, 2.50, 2.47, 2.42, and 2.27 eV for the
undoped ceria and 0.5%, 1%, 3%, and 5% Pd-doped ceria NPs,
respectively. The photocatalytic degradation, photoelectro-
chemical, and photo-antibacterial activities of the ceria NPs
under visible light irradiation were all improved after Pd
doping. The 1% Pd-doped ceria NPs showed the best activity
toward the photocatalytic degradation of methylene blue,
which was attributed to optimal Pd loading. Thus, further
increases in doping did not enhance the degradation of
methylene blue. Table 2 summarizes the recent work on d
block metal doped ceria and its various applications and related
findings.

It is evident from the above reports that d block metal
doping of ceria has been studied more extensively than doping
with s block metals, and a wider range of synthetic routes have
been utilized. In general, doping with an optimized amount of
d block metal tends to decrease the band gap energy of ceria
due to the contribution of the metal d-orbitals to the ceria
conduction band. This lowering of the band gap makes d block
metal doped ceria particularly useful in photocatalytic
applications, where absorption of low-energy photons in the

visible portion of the solar spectrum is desirable to maximize
light harvesting. The performance of the doped ceria is also
influenced by the morphology of the NPs obtained, which, in
turn, depends on the synthetic route employed. In most
studies, only one or at most a few dopant metals are examined,
and it is therefore difficult to make direct comparisons between
different dopants due to differences in experimental conditions
or the size and shape of the resulting ceria particles. It is
therefore recommended that more systematic studies compar-
ing different dopants be performed, with the aim of isolating
the influence of the metal dopant on the intrinsic properties of
the ceria and deconvoluting it from effects simply arising from
variations in the particle size and shape.

3.1.3. p Block Metal Doped Ceria. Tin (Sn) is one of the
popular p block metals that is used in doping ceria because it
has a smaller radius and thus can be easily incorporated into
the ceria structure. In research conducted by Naidi and co-
workers, Sn-doped ceria of different dopant percentages was
synthesized by the green method and tested for its photo-
antioxidant properties.” The band gap energy values obtained
are 2.66, 2.47, 2.53, and 2.58 eV for undoped ceria, 1% doped,
5% doped, and 10% doped, respectively. A study of photo-
antioxidant properties revealed no dose effect under dark
conditions, and the radical scavenging activity (RSA) was
improved in all cases when subjected to visible light irradiation.
The 1% Sn-doped ceria exhibited the highest scavenging
efficiency, while the undoped ceria had the least activity, and
this was attributed to their band gap energy; the undoped ceria
has the highest value, while the 1% Sn-doped ceria had the
lowest value. Furthermore, Sn-doped ceria was prepared by the
precipitation method and tested as an electrochemical sensor
for nitrites in water.*> The Sn-doped ceria particles had a
spherical shape and an average diameter of 8.5 nm and were
highly sensitive toward nitrite ions, exhibiting excellent
electrocatalytic oxidation of NO,™ and a very low detection
limit of 16 nM.

Bi-doped ceria supported gold NPs were investigated for the
oxidation of alcohols. The efficiency of the catalyst depends on
optimizing the concentration of Bi and Au with 3.5 wt % Au/6
mol % Bi exhibiting the best performance in oxidizing benzyl
alcohol to benzaldehyde. A high selectivity of 99% was
recorded with 60% conversion. A high turnover frequency
value of 0.14/s was recorded and the better performance of
this catalyst was attributed to its small size, higher oxygen
vacancy sites, and more positively charged Au particles.**
Table 3 shows the p block metal doped ceria and their
applications and respective findings.

3.1.4. f Block Metal Doped Ceria. Doping ceria with f block
elements with low activation energies for vacancy formation is
a feasible method of enhancing the catalytic activity and ionic
conductivity of ceria.”” The conductivity of Sm/Gd co-doped
ceria prepared by the precié)itation method was investigated by
Kannan and co-workers.”® The conductivity results revealed
that the co-doped ceria demonstrated higher conductivity at
higher temperatures, and this was explained by the fact that
when the Ce*" is substituted by the Gd ion, it leads to the
creation of oxygen vacancies and thus a reduced activation
energy and higher conductivity. Furthermore, samarium-doped
ceria was synthesized by the hydrothermal method with varied
percentages of dopants and then tested for its catalytic activity
toward CO oxidation.”” SEM showed that as the percentage of
doping increases, the morphology becomes more defined. The
catalytic evaluation revealed that the Sm-doped ceria had
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Table 2. Synthesis, Properties, and Applications of d Block Metal Doped Ceria

material

Cu-doped

Ni-, Fe-, and
Mn-doped

Mn-, Fe-, Co-,
Ni-, and Cu-
doped

Cu-, Mn-, Zn-,
Fe-, Ni-, and
Co-doped

Mn-doped

Ni-, Cu-, Co-,
Mn-, Ti-,
and Zr-
doped

Fe-, Mn-, and
Sn-doped

ceria/Au

Mn-, Fe-, La-,
and Pr-
doped

Cu-doped
Mn-doped
Mn-doped
Co-doped

Co-doped
Co-doped

Ni-doped
Ni-doped
Fe-doped
Fe-doped
Fe-doped

ceria/Au

Cr-doped

V-doped
Zn-doped

synthesis method
thermolysis of MOF

hydrothermal

reverse microemulsion

hydrothermal

co-precipitation

calcination

co-precipitation (CP)
and mechanochemi-
cal activation (MA)

sol—gel

hydrothermal

co-precipitation
solid state
precipitation

solvothermal

microwave-assisted

green

thermal decomposi-
tion

co-precipitation
green
thermal decomposi-

tion

hydrothermal

calcination

co-precipitation

band gap energy (eV)

not reported
not reported

not reported

not reported

3.0 = Mn-doped; 3.2 = undoped ceria

not reported

not reported

3.01 = undoped; 2.45 = Mn-doped;
2.77 = Fe-doped; 2.90 = La-doped;

2.87 = Pr-doped

2.97 = undoped; 2.83 = 10% doped;

2.75 = 20% doped; 2.76 = 30%
doped; 2.71 = 40% doped

3.13 = undoped; 2.36 = 2% doped;
2.37 = 4% doped; 2.88 = 7% doped

not reported

not reported

not reported

2.56 = undoped; 2.46 = 1%; 2.41 =

4%; 2.32 = 8%; 2.28 = 12%

not reported
not reported
not reported
not reported

not reported

2.93 = undoped; 2.73 = 5% doped;

2.64 = 10% doped; 2.82 = 15%
doped

not reported
3.09 = undoped; 3.12 = Zn doped

morphology

nanorods and nanobundles

nanorod = undoped ceria; nanorod = Mn-
doped ceria; nanoribbon = Fe-doped

porous material

roughly spherical with sizes 6.1 nm =
undoped ceria; 6.3 nm = Mn-doped; 5.8
nm = Cu-doped; 4.2 nm = Zn-doped
8 nm = Mn-doped; 12 nm = undoped

not reported

sample from MA = 0.5—1.5 nm; sample
from CP= 2.5 nm

undoped ceria = quasi-spherical, 12—14
nm; doped ceria = spherical, 4—8 nm

6.0 nm = undoped ceria; 4.9 nm = 10%
doped; 4.3 nm = 20% doped; 4.2 nm =
30% doped; 3.8 nm = 40% doped

doped ceria = spherical, 10—18 nm

undoped = 127 nm; 3% doped = 109 nm;
7% doped = 101 nm

spherical NPs, size decreases with in-
creasing doping percentage.

nanosheet

irregular pentagonal morphology

spherical NPs, size decreases with in-
creasing doping percentage

Ni-doped ceria showed truncated octahe-
dra

nearly spherical NPs undoped = 34 nm;
Fe-doped = 32 nm

Fe-doped = spheres with average size of
about 26 nm

polymer Fe-doped ceria/Au = spheres of
about 8 nm

nanorods: undoped= 10—15 nm diameter;
Cr-doped= 5 nm diameter

undoped ceria = 18 nm; V-doped = 38 nm
clustered cubic NPs

application
conversion of CO into
CO,

dehydrogenation of
ethane

fuel cell

conversion Of toluene

optical
redox and electrical
conductivity

WGS activity

photocatalytic degrada-
tion of methylene
blue

catalysis

catalysis
electrical resistivity

oxidation and as an
optical sensor for
HZOZ

HER

photocatalytic degrada-
tion of methylene
blue and 4-nitrophe-
nol

UV protection

H, reduction
pseudo-capacitor
anticancer
colorimetric detection

of 2,4-dinitrophenol
CO oxidation

syngas production

optical

performance

conversion temperatures prepared from different ligands are 110 °C = 4,4-
biphenyldicarboxylic acid and 140 °C = benzenedicarboxylic acid

Ni-doped was selective to CO production (94%); Mn-doped: 39.7% = ethane
conversion, 45.6% = ethylene selectivity

Ni- and Co-doped ceria were the most stable

temperatures corresponding to 50% conversion of toluene are 217 °C = Cu-
doped; 231 °C = Mn-doped; 242 °C = Zn-doped; 254 °C = Fe-doped; 274
°C = Ni-doped; 326 °C = Co-doped; 267 °C = undoped ceria

Mn-doped ceria showed enhanced absorption compared with pure ceria

Cey7Cuy30, 5 = oxygen storage 1015 mmol[O,]/g; CeyoNiy;0,_s5 = power
density 0.15 W/cm

samples from MA method better than CP; Fe-doped ceria very stable; only 7%
drop in conversion efficiency

photocatalytic responses in order: Mn-doped > Fe-doped > La-doped ~ Pr-
doped

consumption of H,: undoped ceria = 410 °C to reduce 0.26 mmol/g; 40%
doped = 141 °C to reduce 1.27 mmol/g

7% doped had the best performance
dielectric constant at 2 kHz: 20 = undoped ceria; 53 = Ce;_y,sMn, 50,
Co-doped ceria exhibited 100% CO and propane conversion at 450 °C

overpotential at 100 mA/cm’: Co-doped = 132 mV undoped ceria = 301 mV

12% Co-doped ceria showed best response in both photocatalysis reactions

sun protection values: 40.9 = undoped ceria; 43.6 = 1% doped; 46.6 = 3%
doped; 48.5 = 5% doped

Ni-doped ceria = 7 times better than Ni ceria support

specific capacitance at 1 A/g: 10% doped= 559 F/g; undoped ceria = 121 F/g

IC; value: 6.1 mg/mL after 48 h; 3.02 mg/mL after 72 h

lower detection limit of 0.45 pug/mL

oxidation temperature: 261 °C = 10% doped; 286 °C = 5% doped; 303 °C =
15% doped; 338 °C = undoped

activation temperature: 784 °C = V doped; 962 °C = undoped
improved absorbance for Zn doped
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=] . .

g £ 8 =< 22 with a T, value of 468 °C, while the ceria produced by a

= = <

5 - - - 5 f;’:é solvothermal method had a T, value of 500 °C. The better

= = o = [V — . .

& g 5 & £5 2% g £% performance of Gd-doped ceria from the citrate method has

—_ 3} S g 5] . . :
i 2 £ g 2 g g5 8 252 been attributed to its lower band gap energy and high surface
2 =} I =1 E=jee)
& g v & E <% § £ oxygen as seen in the XPS analysis.

XY8 %
5 oy - Gd-doped ceria has also been extended to use as a contrast
] = % & p
8 '8 B ez agent in MRI. The Ce,,Gd, 0, ¢; nanomaterials prepared b
& g ¢ S g 09G40, 1V 95 prep Yy
i S 5 238 & co-precipitation showed the most colloidal stability and a high
2 g g <3 S .. -1 191 . h
5 % 8 T83 relaxivity of 3.6 mM™ s.” In order to improve the
2 L v .

B 2 g & - performance of the catalyst in fuel cells, Pt nanorods were

o £ o o 4 . . .

=l S; £ g t 2 included on Gd-doped ceria prepared by a flame oxide

& T - E fEx method. The performance as an oxygen reduction catalyst

E § gy e 188 : .

Sg «& &8 I s &~ E showed that side reactions are not favored as the catalysts

£o g£4 g8 9w T | e

Bllf 87 &g 3 g 8 é § 2 generate less H,0, and are very stable with minimal

i o B2ETZ L 2 Ey 3 2 degradation.”

;8 2fq S8 & 222 ¢ Eu- and La-doped ceria were prepared by the hydrothermal

37 OETYETE OE OEY e 2 P D Y e e s
method, and their gas sensing toward CO was investigated.”” A

.- - ool . . .

SER s 53 I reduction in the band gap energy of the doped ceria was

Z R '§~§ 85 E‘: observed; the undoped ceria had a band gap value of 3.10 eV,

— 0w S o o~ > .

> LSS 2, ;:‘;j i g = while 2.93 and 3.00 eV band gaps were obtained for Eu-doped

~ o nn o~ N3 . . . .

oo I % " s g and La-doped ceria, respectively. Blue-shifted photolumines-

@ =29 o« PR I 5 p P y p

g @mm 8. @5 S cence was observed for the La-doped ceria, while a red shift

& —az 2 5 & g & ;E was observed for the Eu dopant. The Eu-doped ceria was the

& @ D 3 . . . .

5 Sa+ v 9w 8L w 0w oo dé*—'s‘ most responsive for carbon monoxide gas sensing, with a ve

5 Scooc Eh g "< 8 3 L ="AEg p & & y

2 Sy Sig8s 5085 5 8§ Eg~ fast response time of only 1 s, compared to those of La-doped

38 13 % ¥ ollge o zoz 0 % g (4.2 s) and undoped ceria (6.6 s).
e oA k) g B B ) vy
3 & 2« & 2 2 d The optical properties of Eu-doped ceria have also been
investigated.”* In research conducted by Sahoo and co-
3 3 workers, the effect of the percentage doping on the optical
2 - = = % properties of Eu-doped ceria prepared by a hydrothermal
5 ) ) = ) ¢ . .

g £ g 3 E E E 3 ¢ method was studied, and the band gap energies calculated for
§ ’4'5& 3 —Eg ‘; < £ % "g H the undoped ceria and 0.25, 0.5, 1, and 2 mol % Eu-doped
g 23 8 & T T B & 2 ceria are 3.6, 2.75, 2.75, 2.75, and 3.25 €V, respectively.” The
= S 3 s = & & 35 g P Y
g photoluminescence spectra showed a red shift for the doped
B B, B - ceria, and this was explained by the existence of defects due to

+= < .

2 5T 3 T oiE s &% EU 3T the charge transfer between Ce®* and Ce*" ions. Furthermore,
— <} o . P .

= E :(f <2 3 ﬁz c&% B33 Eu-doped ceria prepared by the precipitation method was used
] - oo oh o o o

= © N < < 2 A& & A for the detection of sulfite through the chemiluminescence
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Table 3. Synthesis, Properties, and Applications of p Block Metal Doped Ceria

synthesis
material method band gap energy (eV) morphology application performance ref
Sn- green 2.66 = undoped; 2.47 = 1% doped; spherical NPs with photoantioxidant 1% Sn-doped = the highest scavenging 3
doped 2.53 = 5% doped; 2.58 = 10% average size 15—20 efficiency; undoped ceria = the least
doped nm activity
Sn- precipitation  not reported spherical NPs with electrochemical lower detection limit of 16 nM 83
doped size 8.5 nm NO,™ sensor
Bi- sol—gel not reported hemispherical oxidation of Bi-doped ceria/Au with 3.5 wt % Au/ 84
doped alcohol 6 mol % had a selectivity of 99% and 60%

conversion

energy transfer mechanism.”® The results showed a very rapid
response time of 1 s and a detection limit of 0.007 M.

The effect of doping on magnetism was also been studied.
Tb-doped ceria was prepared by the hydrothermal method
with different doping amounts.”” The band gap energy showed
a reduction from 2.61 eV (undoped ceria) to 1.64 eV for Tb-
doped. Zn- and Zr-doped ceria were also prepared, but Tb-
doped ceria produced the highest fraction of oxygen vacancies
(36.85%) because of the dual oxidation states of Tb*" and
Tb*. The Tb-doped ceria nanorods exhibited magnetizations
of 0.605 1.089, and 1.489 emu/g for CeyoTb,,0,,
Ce(sTby,0,, and Cey;Tb,;0,, respectively. These results
suggest that magnetization is enhanced as the doping amount
increases, which also correlates with the fact that the oxygen
vacancies increase with doping.

Similarly, the magnetic properties of La-doped ceria
prepared by calcination were studied by Chahal and co-
workers.”® A saturation magnetization value of 0.9 X 1073
emu/g was recorded for pure ceria, while a significant
improvement was observed for the 8% La-doped ceria with a
value of 19.6 X 107 emu/g. The La-doped ceria had a lower
band gap energy (3.08 eV) compared to the undoped ceria
(3.21 eV). The photocatalytic test conducted on the La-doped
ceria revealed that the 8% La-doped ceria exhibited the highest
degradation efficiency of about 87% owing to its oxygen
vacancies. On the contrary, Pr-doped ceria prepared by the
microwave-assisted method did not show any significant
change with Pr dopant concentration; all are superparamag-
netic below the blocking temperature of 20 K and para-
magnetic above the blocking temperature.”” Table 4 shows the
f block metal doped ceria and their application and respective
findings.

3.1.5. Dual- or Co-doped Ceria. Heterometal doping (co-
doping or dual doping) can impart very high ionic and
electronic conductivity as well as good catalytic activity on
doped ceria nanomaterials, which could be useful for
diversified applications such as high power production.*® The
approach of co-doping has been used to overcome issues with
mechanical stability and also to enhance the ionic conductivity
of ceria. Such co-doping is usually achieved by choosing two
dopants: one with a smaller radius and the other with a larger
radius than ceria. This eventually leads to the expansion and
contraction of the ceria structure, thereby enhancing its
conductivity.

Sandhya and co-workers investigated the effect of Sb** and
Bi** radii on the conductivity of ceria.'”® The co-doped ceria
was synthesized by co-precipitation, and the results obtained
showed that oxygen vacancies were introduced into the ceria
structure due to the replacement of Ce*" by the larger Bi**
which led to an increase in the electrical conductivity of the co-
doped compared to the undoped ceria as confirmed by the
electrochemical impedance measurements. The conductivity

value (S cm™) recorded for single-metal doped CesSm,0,_5
was 2.66 X 107%, while those of dual-doped
CeySmy;Sby ,0,_s and Ce,¢Sm, ,Biy,0,_5 were 3.77 X 1073
and 3.18 X 1077, respectively.

Furthermore, transition metal co-catalysts of Mn/Fe-, Cu/
Ag-, Fe/Cu-, and Mn/Cu-doped ceria were synthesized by a
hydrothermal method.”® The band gap energy calculated
values are 2.98 eV for Mn/Fe-, 3.09 eV for Cu/Ag-, 2.35 eV for
Fe/Cu-, and 2.26 eV for Mn/Cu-doped ceria. The Mn/Cu-
doped ceria showed the best catalytic activity for the reduction
of exhaust emissions, and this has been attributed to its
smallest size and high surface area with more oxygen vacancies.

Green synthesis has also been used to prepare co-doped
ceria nanomaterials. For instance, Zr/Sn co-doped ceria have
been prepared using an aqueous leaf extract of Pometia pinnata,
and the photo-antioxidant activities of different co-dopant
percentages were investigated.'> The band gap energy of the
1% Zr/Sn dual-doped ceria was lowered to 2.58 eV from 2.66
eV (undoped ceria). On increasing the concentration to 5%, a
further decrease was observed (2.49 eV). However, at 10%
doping, the band gap energy increased to 2.54 eV. This has
been explained by the difference in the sizes of the cations;
thus increased substitution of Ce** by smaller ions generated
oxygen vacancies, which can restrict the movement of oxygen
in the structure leading to defect formation. The photo-
antioxidant activities of the synthesized materials exhibited
better responses under irradiation by visible light compared to
dark conditions in terms of both dose- and time-dependent
characteristics. The ceria NPs demonstrated significant and
concentration-dependent activity against biofilms of Gram-
positive bacteria, including Listeria monocytogenes and Staph-
ylococcus aureus. The highly doped ceria (10% Zr/Sn) inhibited
biofilm formation and exhibited antibacterial activity.

The f block elements have also been used as co-dopants for
ceria-based materials in different applications.86 For instance,
oxygen-deficient ceria was synthesized by precipitation with
co-doping of Sm and Nd followed by sintering at higher
temperatures.'’’ The obtained material exhibited a large
electrorestrictive coefficient of above 1077 (m/V)? at a low
frequency. A summary of dual metal doped ceria and their
applications is presented in Table 5.

Overall, very little work has been done on the preparation
and applications of dual-doped ceria, especially compared with
the volume of work reported for single metal doped ceria. In
the literature surveyed above, less than ten dopant combina-
tions are reported, and only four synthetic routes were used to
achieve the dual-doped ceria. Nevertheless, these initial reports
of dual-doped ceria in conventional heterogeneous catalysis
and photocatalysis are very promising, indicating that dual
doping may be an important strategy for overcoming the
limitations of single metal doping. In view of this, other
synthetic routes to dual-doped ceria should be explored with

https://doi.org/10.1021/acsomega.3c01199
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Table 4. Synthesis, Properties, and Applications of f Block Metal Doped Ceria

material

Sm- and Gd-

doped

Eu- and La-

doped
Sm-doped

Tb-doped
Sm-doped
Sm-doped
Gd-doped

Gd-doped

Gd-doped/
Pt

Eu-doped
Eu-doped
Tb-doped
La-doped

Pr-doped

synthesis

method
precipitation
hydrothermal
hydrothermal

hydrothermal

solid microwave

thermal

decomposition

solvothermal/

citrate

co-precipitation

flame oxide

hydrothermal

co-precipitation

hydrothermal
calcination

microwave-
assisted

band gap energy (eV)

not reported

3.10 = undoped; 2.93 = Eu-doped; 3.00 = La-
doped

not reported

2.61 = undoped ceria; 1.64 = Tb-doped

not reported

not reported

3.13 = solvothermal; 2.99 = citrate

not reported

not reported

undoped ceria = 3.6; 0.25% = 2.75; 0.5% =
2.75; 1% = 2.75; 2% = 3.25

not reported

2.61 = undoped; 1.64 = Tb-doped

3.21 = undoped; 3.08 = La-doped

0.04 doped = 2.65; 0.08 doped = 2.69; 0.12
doped = 2.88

morphology

grain size 40—70 nm
spherical NPs of about 4 nm

spherical NPs, smaller size with
increasing doping

nanorods
spherical NPs

shapes become more irregular with
increasing temperature

spherical = citrate; agglomerated =
solvothermal

size of about 2 nm
polyhedral shape Gd-doped ceria

undoped ceria= cubic shape; Eu-
doped= irregular shape

spherical shape with sizes in range
4—6 nm

nanorods

undoped ceria = spherical; La-
doped= grain like

Pr-doped showed agglomerates

application
conductivity
CO gas sensor
CO oxidation
magnetic
decomposition
pattern
ionic
conductivity
soot oxidation
MRI contrast
agent
ORR
optical
detection of
sulfite
magnetic

magnetic

magnetic

performance

better conductivity at higher temperatures

time to sense CO gas: Eu-doped = 1 s; La-doped = 4.2 s; undoped ceria =
6.6 s

optimal catalyst Cey-sSmg,,0, = 100% conversion; undoped ceria = 40%
conversion.

saturation magnetization values: 0.605 emu/g = CeyoTb,;0,; 1.089 emu/g
= CegTby,0,; 1.489 emu/g = Ce,;Tb,;0,

uniform morphology with TMA; nitrate and acetate produced nonuniform
morphology

15 mol % Sm-doped had the highest conductivity

Ts, value: 468 °C = citrate method; 500 °C = solvothermal method

Ceg9Gdy 0165 has a relaxivity of 3.6 mM™" s7}

less side reaction producing H,0,

red-shifted PL peaks for doped ceria

rapid response time of 1 s; detection limit of 0.007 uM

magnetization values: 0.605 emu/g = Ce,oTb,,0,; 1.089 emu/g =

CesTby,0,; 1.489 emu/g = Ce;,Tb,;0,

magnetization values: 0.9 X 107> emu/g = undoped ceria; 19.6 X 107>
emu/g = 8% La-doped

all are superparamagnetic below Ty

ref

86

93

87

97

88

89

90

91

92

9S

96

97

98

99
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an emphasis on producing controllable morphologies and
tunable band gap energies that can be applied in numerous
biomedical and catalytic applications.

3.2. Non-metal Doped Ceria. Ceria NPs have been
doped with non-metals such as nitrogen (N), sulfur (S), and
phosphorus (P). These non-metals increase the light-harvest-
ing or absorption ability of ceria in the visible region, which
can be explained by the hybridization that takes place between
the p orbitals of the non-metal and the oxygen atoms in ceria,
leading to an upward movement of the VB edge, as illustrated
in Figure 6, thus leading to a reduction in the band gap.

e
)
-

00

8
15
101

CepgSmy,0,_53.77 X
CegsSmg 1 Bip0,_5

-3
3

findings

y values (S cm™): 2.66 X 10

CeggSmy;Sby,,0,-
Mn/Cu-doped ceria showed the best catalytic activity

53.18 X 107

(o g (= e
CB I
E, of

non-metal
doped CeO,

electrorestrictive coefficient above 1077 (m/V)? at a low frequency

10% Zr/Sn responded to inhibiting biofilm formation and

antibacterial activities

conductivit
107°

p-orbital of
dopant

Figure 6. Creation of band gap states and modification of the band
gap energy in non-metal doped ceria.

application
and biofilm

emission
activities

3.2.1. Nitrogen-Doped Ceria. N-doped ceria NPs have been
synthesized with different methods, and their properties
investigated. N-doped ceria was synthesized using a deep
eutectic solvent in an autoclave and was investigated for
photocatalytic sulfamethoxazole (SMX) degradation.'’ The N-
doped ceria removed 96% of SMX, significantly more than
undoped ceria, which had an efficiency of only 59%. The
irradiation of the photocatalysts generated hydroxyl radicals,
*OH, which in turn reacted with SMX and caused it to
degrade. Thus, the reduced energy band gap of N-doped ceria
(2.72 eV) facilitates its activity by generating more *OH
compared to the undoped ceria (3.03 eV). In other work, N-
doped ceria was prepared by heat treatment with urea as a
nitrogen source, and by controlling the temperature and mass
ratio of ceria/urea, interstitial or substitutional site doping was
achieved.'” Nitrogen introduced at both interstitial and
substitutional sites was tested for the removal of SMX, and
the results revealed that N incorporated at interstitial sites in
the ceria led to more oxygen vacancies and showed better
performance with an efficiency of 94% within 30 min, while
only 72% was obtained for N introduced into substitutional
sites.

Furthermore, Shen and co-workers also synthesized N-
doped ceria by a urea-assisted template method. TEM
observations revealed a mesoporous morphology for the N-
doped ceria, with a pore size of ~3.75 nm and a less regular
structure compared with undoped ceria with pore size of about
3.49 nm."* The N-doped ceria has a reduced band gap energy
(2.45 V) and displayed better CO, adsorption and a higher
oxygen vacancy concentration compared with undoped ceria.
Hence, N-doped ceria showed a higher efficiency for the
photocatalytic conversion of CO, to CO and CH,, with yields
of 1.83 and 1.25 pumol/g, respectively, while the undoped ceria
produced 0.73 and 0.42 pmol/g of CO and CH,, respectively.

Dual-doped or co-doped ceria with non-metal dopants has
also been investigated as it has advantages of producing more
oxygen vacancies, enhancing charge separation, and possessing

conductivity
reduction of exhaust
photoantioxidant
electromechanical

morphology

spherical NPs of size
12—17 nm

agglomerated sheets
between 3 and

average grain size
6 um

not reported

Cu/Ag-doped; 2.35

Mn/_ Cu-doped

band gap energy (eV)
5% Sn/Zr-doped; 2.54 = 10% Sn/Zr-doped

Fe/Cu-doped; 2.26

2.66 = undoped ceria; 2.58 = 1% Sn/Zr-doped; 2.49

2.98 = Mn/Fe-doped; 3.09

not reported
not reported

synthesis
method
precipitation
hydrothermal
sintering

green

material
Sb- and Bi-doped
Cu-, and Mn/Cu-

Table S. Synthesis, Properties, and Applications of Dual Metal Doped Ceria
doped

Mn/Fe-, Cu/Ag-, Fe/

Sn/Zr-doped
Sm/Nd-doped
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Figure 7. SEM images illustrating the lamellar structure of undoped (a, b) and P-doped ceria (¢, d). Reproduced from ref 106 with permission from

Elsevier, Copyright 2020.

superior light harvesting efficiency. Masingh and co-workers
synthesized S/N co-doped ceria nanostructures by the
hydrothermal method at different reaction times of 24, 36,
and 48 h.'” The obtained materials were tested for the
photoreduction of Cr®*. The band gap energies obtained were
2.94,2.45, 2.24, and 2.17 eV for the undoped and doped ceria
at 24, 36, and 48 h, respectively. The photoreduction tests
carried out revealed that the doped ceria prepared at 36 h
displayed the best performance with 93% reduction, while only
19% was obtained for the undoped ceria. The better
performance exhibited by the doped ceria prepared at 36 h
was evident in its high photocurrent density (3.87 mA/cm?)
and longer decay time of about 76 ps, all these facilitate a
higher concentration of excited electrons and more visible light
absorption capacity. Similarly, N/S co-doped ceria was
prepared by calcination treatment, and its photocatalytic
properties were investigated.104 The photocurrent response
studied over time showed that the current intensity of the N/S-
doped ceria was higher (275 yA/cm?) compared with those of
the undoped ceria (115 uA/cm?*) and the commercial ceria
(102 pA/cm?). The photoluminescence also revealed that the
intensity of the doped ceria decreased and shifted to a more
visible region indicating lower band gap energy and better light
response. The photocatalytic degradation of acetaldehyde to
CO, investigated for the doped ceria and commercial ceria
indicated that the CO, produced with the doped ceria was
greater (1092 ppm) than that of commercial ceria (150 ppm).
N/P dual-doped ceria/carbon was synthesized by the
calcination method and tested as a catalyst for the degradation
of ciprofloxacin.'”® The undoped ceria showed only 62%
efficiency at 3 h, while N-doped ceria recorded 79%, and the
highest value was obtained with the dual-doped ceria showing
a 95% degradation efficiency. The increased efficiency of the
dual-doped ceria was due to the availability of higher oxygen
vacancies and more carbon content, resulting in the improved

electron transport ability needed for the degradation process.
The morphology of the undoped ceria particles is that of a
uniform sphere, while the doped ceria particles have irregular
shapes.

3.2.2. Phosphorus-Doped Ceria. Phosphorus (P)-doped
ceria was synthesized by a bio-based calcination method, and
its effect on the thermal and fire safety of epoxy resin (ER) was
investigated. The results revealed that the ER has improved
thermal and fire stability with the introduction of P.'"® The
above observation was explained by the increased thermal
degradation temperature when P-doped ceria was introduced
into ER, and it is also evident in other parameters such as
decreased CO production, total smoke production, and peak
heat release rate. The better fire safety performance was
evaluated using fire growth index value; this value decreases
from 9.46 kW/m* s (ER) to 8.96 kW/m? s for ceria/ER, and
the lowest value of 8.46 kW/m* s was recorded for P-doped
ceria/ER. SEM observations revealed that both undoped and
P-doped ceria adopted lamellar structures with smooth
surfaces (Figure 7). In another study, P-doped ceria/titania
nanocomposite was synthesized by a solution combustion
method."”” SEM showed that the sample is porous, and the
band gap energy of the P-doped ceria/titania increases with
increasing temperature; 2.93, 2.90, and 2.89 eV were obtained
at 400, 500, and 600 °C respectively.

Furthermore, P-doped ceria was synthesized by a calcination
method, and SEM images revealed the formation of nano-
rods.'”® The capacitance recorded in a lithium sulfide battery
showed a high initial capacity of 1027 mA h/g compared to
undoped ceria, which achieved only 896 mA h/g. The P-doped
ceria cathode also exhibited a modest capacity decay of only
~0.1% per cycle after 500 cycles at 1 C.

3.2.3. Halogen Doped Ceria. F-doped ceria was prepared
by the co-precipitation method and tested as a catalyst in the
oxidation of toluene.'” It was found that the conversion

https://doi.org/10.1021/acsomega.3c01199
ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsomega.3c01199?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01199?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01199?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01199?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

661 L02€"eBaWOSIR/1Z0L'0L/BI0"10p//:50NnY

XXX—XXX ‘XXX ‘XXXX bbowQ $Ov

Table 6. Synthesis, Properties, and Applications of Non-metal Doped Ceria

material

N-doped

N-doped

N-doped

S/N co-doped

S/N co-doped

P-doped ceria/
ER

N/P-dual-
doped
ceria/C

P-doped ceria/
titania

P-doped
F-doped

Cl-doped
ceria/CNT

S-doped ceria/
CNT

S-doped

synthesis method

deep eutectic solvent

in autoclave

urea-assisted

template method

heat treatment
hydrothermal
calcination
biocalcination

calcination

solution combustion

calcination
co-precipitation
calcination
hydrothermal

solid state

band gap energy (eV)
2.72 = N-doped ceria; 3.03 =

undoped ceria

2.45 = N-doped ceria

not reported

2.94 = undoped; 2.45 = 24 h;
224 =36 h; 2.17= 48 h

N/S co-doped = 2.98

not reported

not reported

0.93 = 400 °C; 2.90 = 500 °C;

2.89 = 600 °C

not reported
not reported

not reported

2.24 = S-doped; 2.84 = undoped

ceria

2.84 = S-doped; 3.7 = undoped

ceria

morphology

N-doped showed platelets, average size
=12 nm

N-doped showed a mesoporous
structure

nanorod diameter = 4—12 nm, length =
40—150 nm

dual-doped showed average size of 8
nm
dual-doped showed nanorods

lamellar structure

sphere = undoped ceria; irregular shape

= doped
porous structure
P-doped= nanorod of size 10 nm
mesoporous structure
undefined
undefined

S-doped= egg-shaped mesoporous;
undoped ceria= cubic shaped

application

photocatalytic degradation
of SMX

photocatalytic conversion
of CO,

photocatalytic degradation
of SMX

photoreduction of Cr®*
photocatalytic degradation

of acetaldehyde

fire and thermal stability of
ER

degradation of
ciprofloxacin

optical

cathode in LiS battery

oxidation of toluene

cathode in LiS battery

cathode in LiS battery

photocatalytic degradation
of methyl orange

performance

N-doped ceria = 96% removal; undoped ceria = 59% removal

yield of CO and CH,, respectively: 1.83 and 1.25 umol/g = N
doped; 0.73 and 0.42 umol/g = undoped ceria

N on interstitial site = 94% removal; N on substitutional site =
72% removal

sample at 36 h = 93% reduction; undoped ceria = 19% reduction

CO, produced: 1092 ppm = doped ceria; 150 ppm = undoped

ceria

fire growth index value: 9.46 kW/ m? s = ER; 8.96 kW/m? s =
ceria/ER; 8.46 kW/m?* s = P-doped ceria/ER

efficiency: 62% = undoped; 79% = N-doped; 95% = N/P dual-
doped

enhanced absorption with increasing temperature

initial capacitance value: 1027 mA h/g = P-doped; 896 mA h/g =
undoped ceria

conversion temperature (SO and 90%): 218 and 306 °C = F-
doped; 233 and 336 °C = undoped ceria

initial discharge capacity: 821 mAh/g = Cl-doped; 688 mAh/g=

undoped ceria
discharge capacity = 1380 mAh/g; 90% retention after S00 cycles

degradation efficiency: 98.6% = S-doped; 42.2% = undoped ceria
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Figure 8. Various applications of doped ceria nanomaterials.

temperature of the optimal F-doped ceria (F/Ce = 0.03) is 218
and 306 °C at 50% and 90%, respectively, while the undoped
ceria recorded 233 and 336 °C. This is due to the fact that the
F-doped ceria has more oxygen vacancies as revealed by its
XPS analysis. Furthermore, Cl-doped ceria/CNT was synthe-
sized by the calcination method and tested as an electrode in a
lithium—sulfur battery.""” It was found that the Cl-doped ceria
had the highest initial discharge capacity of 820.8 mAh/g,
while the undoped ceria/CNT recorded a value of 687.6 mAh/
g. Moreover, the capacity retention of Cl-doped ceria/CNT
was 83% even after 200 cycles.

3.2.4. Sulfur-Doped Ceria. Sulfur-doped ceria/CNT pre-
pared by the hydrothermal method was tested as a cathode
material in lithium—sulfur battery.''" The result showed that
the S-doped ceria has a high discharge capacity of 1380 mAh/g
with 90% retention even after 500 cycles. The good
performance of the S-doped ceria was explained by the fact
that it has a lower band gap energy of 2.24 eV compared with
undoped ceria (2.84 eV) which favors the migration of
electrons and its adsorption capacity.

In other work, S-doped ceria prepared by the solid-state
method using sodium benzenesulfonate as a template was
tested for the photocatalytic degradation of methylene
orange.''” The SEM revealed an egg-shaped morphology of
mesoporous material, and the inclusion of S led to the
narrowing of band gap with a value of 2.84 eV recorded for the
S-doped ceria, while the undoped ceria gave 3.7 eV. The
degradation efficiency showed that the S-doped ceria gave the
best performance (98.6%) compared with the undoped ceria
with only a 42.2% efficiency which has been attributed to the
higher surface area of the S-doped ceria as evident in the BET.

Table 6 summarizes the preparation routes, properties, and
applications of non-metal doped ceria.

Non-metal doped ceria has mostly been synthesized by
calcination or solid-state synthesis methods with relatively few
reports of wet chemical methods compared with metal doped
ceria. This in turn will affect the morphology and properties of
the prepared powders and ultimately the performance of the
material in a given application. There does not appear to be
any fundamental reason that solid-state synthesis methods
should be preferred, and indeed, a few reports of hydrothermal
and co-precipitation synthesis of non-metal doped ceria are
promising. Calcination and other solid-stage synthesis methods
clearly have some disadvantages in that sintering of particles
during the heat treatment tends to result in lower specific
surface area and consequently lower catalytic activity. It is
therefore necessary to further explore other preparation routes,
particularly wet chemical routes, in order to expand the utility
of non-metal doped ceria nanomaterials.

4. APPLICATIONS OF DOPED CERIA

Doped ceria nanomaterials have proven useful for applications
encompassing photocatalysis, biomedicine, and energy con-
version and storage, among others, as illustrated in Figure 8.
Such broad utility is a testament to the range of novel
properties that can be accessed by judicious doping of ceria
nanomaterials with metals or non-metals.

4.1. Photocatalysis. In photocatalysis, a major factor that
contributes to the improved performance of doped ceria is the
reduction in the band gap energy and consequent hindrance of
the recombination process. Also of importance is the creation
of Ce®* and the generation of oxygen vacancies.'"> Doped ceria
NPs have been employed in the cleanup of the environment by
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the photocatalytic degradation of pharmaceutical and chemical
pollutants. For instance, Igbal and co-workers used N-doped
ceria for the photocatalytic degradation of sulfamethoxazole."'
The N-doped ceria gave an efficiency of 96%, while the
undoped ceria has only 59% efficiency. Furthermore, N/P
dual-doped ceria/carbon has also been used for the
degradation of ciprofloxacin.'” The undoped ceria exhibited
only 62% efficiency, followed by 79% for N-doped ceria, while
the highest degradation efficiency of 95% was recorded for the
dual-doped ceria.

The removal of chemical pollutants like acetaldehyde and
Cr® has been achieved by the use of N/S dual-doped
ceria'®'%* In addition, metal doped ceria nanomaterials have
been tested as photocatalysts. The photocatalytic degradation
of rhodamine B was investigated using Mn-, Fe-, La-, and Pr-
doped ceria.”> The photoluminescence spectra revealed that
there is a red shift with doped ceria, and the highest shift was
recorded for the Mn-doped ceria. Hence, Mn®**-doped ceria
showed the best photocatalytic response followed by Fe*-
doped ceria, while the La*- and Pr**-doped ceria showed a
reduced response. Furthermore, photocatalytic degradation
activities of Ag-, Au-, and Pt-doped ceria have been evaluated,
and it was found that Au-doped ceria is the most active having
a degradation efficiency greater than 98%.””

Non-metal doped ceria has been applied in the photo-
catalytic conversion of CO, to produce fuels using N-doped
ceria. The production of CO and CH, with yields of 1.83 and
1.25 pmol/g, respectively, was obtained with N-doped ceria
while the undoped ceria produced 0.73 and 0.42 umol/g of
CO and CH,, respectively. In addition, the photocatalytic
conversion of CO, was investigated using Mo-, Y-, and La-
doped ceria.'"* The Y-doped ceria displayed the best perform-
ance generating 22 ppm of CO gas followed by Mo-doped
ceria generating 8 ppm of CO.

4.2. Biomedicine. Doped ceria NPs have also been applied
in the field of biomedicine as antibacterial, antioxidant, and
anticancer agents. The suitability of doped ceria for these
applications is mainly due to the increased presence of oxygen
vacancies in the ceria crystal lattice, which can act as electron
donors or acceptors and thus enable the participation of doped
ceria in various redox reactions. For instance, Sisubalan and co-
workers synthesized Mg-, Ca-, Sr-, and Ba-doped ceria and
found that Ba-doped ceria had the highest biocidal activity,
which was attributed to the small particle size, leading to easy
penetration into the bacterial cell membrane. Interestingly,
cytotoxicity tests carried out using fibroblast cells revealed that
Ba-doped ceria was less toxic to healthy cells.*” In related work,
Naidi and co-workers prepared Zr-doped ceria using a green
method, and the tests carried out showed better antioxidant
properties under visible light irradiation compared to the dark
in a concentration-dependent manner.”’ Optimum biocidal
properties were obtained at 512 yug/mL for 1% Zr-doped ceria,
while the undoped ceria required 1024 ug/mL, and reduced
activities were observed for 5% and 10% Zr-doped ceria.
Biofilm inhibition studies showed 73% inhibition of S. aureus at
512 ug/mL for the undoped ceria, while the 10% Zr-doped
ceria inhibited film formation by 53%. A similar result was
obtained by the same author using Sn-doped ceria; the activity
of the doped ceria was concentration dependent, and greater
biocidal effects were obtained at higher concentrations of Sn
(10%).

Aside from single dopant doped ceria, dual Sn/Zr-doped
ceria has also been investigated for antibacterial and

antioxidant properties by Naidi and co-workers."> The results
showed that at a higher concentration only the 10% Zr/Sn
dual-doped ceria and undoped ceria NPs were effective in
killing the bacteria. Irrespective of the concentration used,
enhanced antioxidant activities were observed in visible light
compared to the dark. The cytotoxicity of Ag-doped ceria
toward EPG human gastric cancer cells was investigated, and
the results showed that activity was concentration dependent,
with no significant cytotoxic effects up to 62.5 mM.”® The
anticancer activity of Fe-doped ceria has also been studied, and
it was found that the activity is dependent on both the
concentration of Fe-doped ceria and the time of incubation.”
Half maximal inhibitory concentrations (ICs,) of 6.1 and 3.02
mg/mL were recorded for the Fe-doped ceria NPs after 48 and
72 h exposure, respectively. Saravanakumar and co-workers
investigated the cytotoxicity of PEGylated Pd-doped ceria and
compared it with Pd NPs and ordinary Pd-doped ceria.*!
These were tested on a human lung cancer cell line, and the
findings revealed that the PEGylated Pd-doped ceria exhibited
strong cytotoxicity with ICs, ~ 81.25 pg/mL, followed by Pd-
doped ceria (~118.75 pug/mL), and last, ~231.25 ug/mL was
obtained for Pd NPs.

4.3. Energy Conversion and Storage. The application of
doped ceria in energy storage and conversion processes,
including batteries, the water—gas shift reaction (WGS), fuel
cells, and supercapacitors, has been reported. Non-metal doped
ceria (N, P, and Cl) has been used as a cathode material in
lithium sulfur batteries with remarkable performance. For
instance, P-doped ceria in a lithium sulfide battery showed a
high initial capacity of 1027 mA h/g comg)ared to undoped
ceria, which gave a value of 896 mA h/ g.10 Furthermore, the
P-doped ceria cathode exhibited a low decay in capacity
(~0.10% per cycle after S00 cycles at 1.0 C). In addition, the
use of Cl-doped ceria in a lithium battery was investigated by
Fan and co-workers, and the results revealed that the Cl-doped
ceria had better performance with the highest initial discharge
capacity of 820.8 mAh/g, while the undoped ceria/CNT
recorded a value of 687.6 mAh/g.""" S-doped ceria has also
been tested as a cathode material in lithium batteries, and the
results revealed that the S-doped ceria has a high discharge
capacity of 1380 mAh/g with 90% capacity retention even after
500 cycles.""" This performance was attributed to the lower
band gap energy of S-doped ceria (2.24 eV) compared with
undoped ceria (2.84 eV).

In research conducted by Ang and co-workers,”® Na-doped
ceria. NPs were used in the WGS reaction to improve the
production of CO, by suppressing the unwanted methanation
reaction. The results showed that the performance improve-
ment was concentration dependent, with the highest yield of
97.5% being achieved for CO, generated with 2 wt % Na
doping, but upon increasing the doping to S and 10 wt %, the
yield decreased to 97.1% and 94.4%, respectively. A
comparison between two methods of preparation (co-
precipitation and mechanochemical activation) and the
resulting WGS activity was carried out by Tabakova and co-
workers.”” Their findings revealed that the samples prepared
by mechanochemical activation had better catalytic activity
than those prepared using co-precipitation, with Fe- and Mn-
doped ceria displaying the best performance over the Sn-doped
ceria. The better performance was attributed to the fact that
the doped samples prepared by the mechanochemical
conversion had a greater proportion of smaller sized particles
compared with those prepared by the co-precipitation route.
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The use of V-doped ceria as a catalyst to improve syngas
production has also been reported.”” The results revealed that
the syngas production increased using V-doped ceria with a
corresponding decrease in the activation temperature; 784 °C
was recorded for V-doped ceria, while the undoped ceria
required 962 °C. The application of Fe-doped ceria in
pseudocapacitors has been investigated by Lee and co-workers
who found that Fe-doped ceria exhibited excellent cycling
stability and a high specific capacitance of 559 F/g, while the
undoped ceria gave ~121 F/g at 1 A/g.71 Mn-, Fe-, Co-, Ni-,
and Cu-doped ceria have also been tested as catalysts in fuel
cells.*” The photoreduction of CO, by Y-, La-, and Mo-doped
ceria was carried out by Wang and co-workers, and the results
revealed that the Y-doped ceria had the best performance
producing 22 ppm of CO gas in the first hour, followed by Mo-
doped ceria with 8 ppm of CO generated in the first 3 h."”

4.4. Heterogeneous Catalysis. Doped ceria NPs have
also been employed as catalysts in various reactions. For
instance, Cu-doped ceria prepared by the thermolysis of a
MOF precursor has been used for the oxidation of CO.** The
nanostructures were obtained from two different ligands,
benzene dicarboxylic acid (BDC) and 4,4-biphenyl dicarbox-
ylic acid (BPDC), and the catalytic results revealed that, for the
conversion of CO into CO,, the conversion temperatures of
the two Cu-doped ceria nanostructures are 110 and 140 °C for
BPDC and BDC, respectively. The better catalytic activity of
Cu-doped ceria from BPDC is in line with its higher surface
area. Similarly, Sm-doped ceria was also tested as a catalyst in
the oxidation of CO, and the findings showed the Sm-doped
ceria has a better performance because of its higher surface
area with at least a 70% conversion while the undoped ceria
barely has 40% conversion.”’

Doped ceria has also been investigated as a catalyst in
organic reactions. For instance, Cu-, Ni-, Fe-, Co-, and Mn-
doped ceria have been tested for the oxidation of toluene, and
their efficiency was evaluated by taking the temperature at
which 50% of the toluene was converted.”” The results
obtained were 267, 217, 231, 242, and 254 °C for undoped
and Cu-, Mn-, Zn-, and Fe-doped ceria, respectively. In
addition, non-metal (F) doped ceria was also tested in the
oxidation of toluene, and it was found that the 50% conversion
temperature of the F-doped ceria was 218 °C, while that of
undoped ceria was 233 °C. This is due to the fact that the F-
doped ceria has more oxygen vacancies, as revealed by its XPS
analysis.'” The s block doped ceria has been used in the
dehydration of alcohol. For instance, Na-doped ceria was
investigated as a catalyst for the dehydration of 1,5-
pentanediol.”* The results revealed that the doped ceria was
more selective than the undoped ceria, thus suppressing
unwanted side reactions. Furthermore, Ca-doped ceria has
been tested for the dehydration of 2-octanol.” The results
revealed that 0.15 wt % Ca-doped ceria, which has the smallest
size, displayed the best performance, while the efficiency of the
undoped ceria dropped after some time. The performance of
Gd-doped ceria in soot oxidation was evaluated using two
different methods of preparation: the solvothermal and citrate
methods.”® The findings revealed that the Gd-doped ceria
prepared from the citrate method had a lower band gap energy
and more surface oxygen, leading to better performance with a
lower T, value of 468 °C, while the ceria produced using the
solvothermal method had a higher T, value of 500 °C.

5. FUTURE OUTLOOK

Although steady progress in the synthesis of doped ceria
nanomaterials has been achieved for various applications, there
are still insufficient data in certain areas that require attention.
In particular, the following general issues need to be addressed
to optimize the preparation of doped ceria and fully
understand its role in specific applications:

e Further research into reaction mechanisms, including
theoretical calculations and simulations, is required to
optimize the catalytic reactivity and stability of doped
ceria and to establish the optimal weight percentages of
the dopant.

e The relationships between factors such as the ionic radii
of dopants, their redox potential, how they affect the
oxygen vacancy concentration, and their eventual
performance in applications must be established.

e More systematic research is required to disentangle the
effects of different types of dopants on the intrinsic
material properties of doped ceria (e.g, band gap,
absorption coefficient, carrier mobilities) versus simple
changes in particle morphology and surface area. Such
information would be invaluable when designing syn-
thesis routes to produce the desired overall properties in
catalytic and photocatalytic applications.

e There is a need to explore the green synthesis of s block
metal doped ceria and to extend its applications to
biological fields.

e Both metal and non-metal doped ceria should be
explored for solar energy applications, such as the
photocatalytic reduction of CO, and photoelectrochem-
ical water splitting.

e Alternative methods of synthesis for non-metal doped
ceria should be explored to obtain novel properties and
broaden the range of applications of ceria nanomaterials.

6. CONCLUSION

Doped ceria nanomaterials have potential applications not only
in conventional catalysis but also in fields as diverse as
photocatalysis and biomedicine. Ceria nanoparticles are
generally amenable to doping with both metal and non-metal
dopants, and judicious selection of the dopant, as well as
control of the dopant and oxygen vacancy concentrations, can
enhance the performance of ceria nanomaterials in their many
applications. This review provided a concise overview of the
dopants that have been successfully incorporated into the ceria
crystal lattice, including s block, p block, d block, and f block
metals and metalloids, as well as non-metals such as N, S, and
P. Where applicable, the synthetic methods used to prepare
doped ceria were highlighted, and the effects of doping on the
catalytic, photocatalytic, antibacterial, and energy applications
of ceria were discussed. A common theme across all dopants
and applications was that the concentration of dopant in the
ceria lattice was a key factor in determining the performance of
the material. In general, metal dopants tend to create new
states near the conduction band edge and lower the energy of
the conduction band, while non-metal dopants tend to raise
the valence band edge. These changes in electronic structure
cause a desirable narrowing of the band gap and more active
surface states, which are beneficial in most applications of
doped ceria nanomaterials. Finally, this review highlights the
remaining issues that need to be addressed to further optimize
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the synthesis of doped ceria nanomaterials to obtain desirable
properties for existing and new applications.
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