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Abstract. In this work, nanosized Ce0.7 M0.3 O2−δ (M = Mn, Fe, Co) solid solutions were prepared by a facile
coprecipitation method and evaluated for CO oxidation. The physicochemical properties of the synthesized
samples were investigated by various characterization techniques, namely, XRD, ICP-OES, BET surface area,
SEM-EDX, TEM and HRTEM, Raman, XPS, and H2 -TPR. XRD studies conﬁrmed the formation of nanocrystalline single phase Ce0.7 M0.3 O2−δ solid solutions. ICP-OES analysis conﬁrmed actual amount of metal loadings in the respective catalysts. The BET surface area of Ce0.7 M0.3 O2−δ samples signiﬁcantly enhanced after
the incorporation of dopants. TEM studies conﬁrmed nanosized nature of the samples and the average particle
sizes of Ce0.7 M0.3 O2−δ were found to be in the range of ∼8–16 nm. Raman studies indicated that the incorporation of dopant ions into the CeO2 lattice promote the formation of more oxygen vacancies. The existence
of oxygen vacancies and different oxidation states (Ce3+ /Ce4+ and Mn2+ /Mn3+ , Fe2+ / Fe3+ , and Co2+ /Co3+ )
in the doped CeO2 samples were further conﬁrmed from XPS investigation. TPR measurements revealed an
enhanced reducibility of ceria after the incorporation of dopants. The catalytic activity results indicated that
the doped CeO2 samples show excellent CO oxidation activity and the order of activity was found to be
Ce0.7 Mn0.3 O2−δ > Ce0.7 Fe0.3 O2−δ > Ce0.7 Co0.3 O2−δ > CeO2 . The superior CO oxidation performance of
CeO2 -MnOx has been attributed to a unique Ce-Mn synergistic interaction, which facilitates materials with
promoted redox properties and improved oxidation activity.
Keywords. CeO2 ; metal-doping; nanosized solid solution; synergistic interaction; Redox properties;
CO oxidation.

1. Introduction
Stringent environmental regulations are in force to mitigate air pollution and greenhouse gas (GHG) emissions
because they pose serious threats to human health and the
environment across the world. Among various emitted
toxic pollutants, carbon monoxide (CO) is one of the major
pollutants and it is a global malady causing innumerable
irreversible changes to our planet.1 It also contributes
indirectly to global warming and ozone depletion. The
progressive increase of CO emissions into the environment as a result of incomplete combustion of fossil fuels
can lead to harmful health effects by reducing oxygen
delivery to the body’s organs (like the heart and brain)
and tissues.2 Therefore, various options must be undertaken to combat against the problems arising due to
emission of CO. The catalytic oxidation is a more
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energy-efﬁcient and environmentally friendly technology for CO abatement.3 For wide implementation of
catalytic oxidation, thermally, mechanically, and chemically stable catalysts are required. Various catalysts
such as metal oxides, mixed metal oxides, supported
systems, and pervoskites3–6 have been examined extensively for CO oxidation reaction. In particular, noble
metal catalysts such as supported Pd and Pt, exhibit an
excellent catalytic performance. Nevertheless, the high
cost of noble metals and their sensitivity to sulphur
poisoning have limited their industrial application.7
Over the last decades, an intense research activity
has been devoted to search for inexpensive catalysts to
replace the noble metals for catalytic oxidation of CO.
Cerium oxide is one of the most important rare earth
oxides due to its intrinsic chemical properties such as
high oxygen storage capacity (OSC) and high oxygen
mobility, which originate from variable valence states
(+3 and +4) of cerium ion.8 As a result, it is widely
used in various catalytic applications such as three-way
1347
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catalysis (TWCs), water-gas shift reaction, solid oxide
fuel cells, and oxygen sensors. The oxygen storage and
release in ceria is favoured by its unique ﬂuorite structure. However, while using ceria-based materials in
TWCs, the major concern is about the thermal stability
of ceria (CeO2 ) component at higher temperatures
(∼1200 K). At such high operating temperatures, the
OSC of ceria signiﬁcantly decreases upon thermal aging
due to the growth of ceria crystallite size, thereby losing
the active surface area. The increase in crystallite growth
and thermal sintering process occurs due to the mass
transport at an atomic scale caused by a concentration
gradient set at higher temperatures.9,10 Therefore, improving thermal stability of pure CeO2 is an important
task to exploit this material successfully in several applications. Many attempts have been made to enhance the
thermal stability of CeO2 such as controlling the crystal
morphology and size, modifying the surface property,
and metal doping.11,12 Among these modiﬁcations, doping with lower valent cations is one of the most effective
and readily realized options.13 The metal doping can improve the oxygen storage capacity, diffusivity, and redox
properties due to the formation of structural defects in
the ceria lattice.9 Therefore, there is a strong demand for
the development of doped ceria materials with low cost
and relatively high activity.
In recent years, ceria-based materials with doped
transition metal oxides have attracted much attention,
owing to their high thermal stability, design ﬂexibility
and low-cost.14 Particularly, the base metal oxide catalysts like Mn, Fe, and Co were mostly exploited since
they exhibit different oxidation states and excellent redox
properties.15 It was clearly demonstrated that the doping
of these multivalent ions produce lattice defects and
oxygen vacancies with the formation of a ceria-based
solid solution structure, thereby increase the reducibility of ceria at low temperatures.16,17 These defects and
vacancies provide major transport channels for surface
oxygen (O−2 , O− ), lattice oxygen (O−2 ) and facilitate
high catalytic activity at lower temperatures.18 Since
the OSC and redox properties are very important in
catalytic applications, an investigation on the inﬂuence
of structural features of CeO2 –MOx mixed oxides was
undertaken.19,20 Therefore, the aim of the present work
was to investigate the structural and surface modiﬁcations of cerium oxide doped with three different transition metals (Mn, Fe, Co) and their application for
CO oxidation reaction. Accordingly, the Ce0.7 M0.3 O2−δ
(M = Mn, Fe, Co) solid solutions were synthesized by a
co-precipitation method and the physicochemical properties were evaluated using X-ray diffraction (XRD),
inductively coupled plasma-optical emission spectroscopy (ICP-OES), Brunauer–Emmett–Tellerv (BET) surface

area, scanning electron microscopy-energy dispersive
X-ray analysis (SEM-EDX), transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), Raman spectroscopy (RS), X-ray
photoelectron spectroscopy (XPS), and H2 -temperature
programmed reduction (H2 -TPR) measurements.
2. Experimental
2.1 Catalyst preparation
A simple co-precipitation method was employed for the
preparation of nanosized Ce0.7 M0.3 O2−δ (M = Mn, Fe,
Co; Ce/M 70:30 mol% based on oxides) solid solutions.
In this synthesis, cerium(III) nitrate hexahydrate (Aldrich,
AR grade), manganese(II) nitrate tetrahydrate (Merck,
AR grade), iron(III) nitrate nonahydrate (Aldrich, AR
grade), and cobalt(II) nitrate hexahydrate (Aldrich, AR
grade) were used as the cerium, manganese, iron, and
cobalt precursors, respectively. A dilute aqueous ammonia solution was used to hydrolyze the metal salt precursors at a certain solution pH (∼8.5). In order to prepare
Ce0.7 Mn0.3 O2−δ , the desired amounts of Ce and Mn
nitrate precursors were dissolved separately in distilled
water and mixed together under vigorous stirring conditions until the clear solution is formed. An aqueous
ammonia solution was added gradually drop-wise with
vigorous stirring to reach the pH value ∼8.5. Subsequently, the mixed solution was stirred continuously for
24 h to complete the reaction. After that, the precursor
precipitate was separated from the supernatant by vacuum ﬁltration and washed several times with distilled
water until free from anion impurities. The obtained
precipitates were then dried in an electrical oven at 373
K for 12 h. The oven dried sample was crushed using
an agate mortar and calcined at 773 K for 5 h in a
closed electric furnace at a heating rate of 5 K min−1
to obtain nanocrystalline form of Ce0.7 Mn0.3 O2−δ solid
solution. A similar method was followed to prepare
Ce0.7 Fe0.3 O2−δ , and Ce0.7 Co0.3 O2−δ using the respective
nitrate precursors. Pure CeO2 sample was also synthesized by the same procedure for comparative purposes. The prepared samples were designated as pure
CeO2 (C), Ce0.7 Mn0.3 O2−δ (CM), Ce0.7 Fe0.3 O2−δ (CF),
and Ce0.7 Co0.3 O2−δ (CC), respectively.
2.2 Catalyst characterization
X-ray powder diffraction patterns were acquired on an
X’pert Pro MPD powder diffractometer (PANalytical
Company) equipped with a nickel-ﬁltered Cu Kα
(0.15418 nm) radiation source and a scintillation
counter detector (SCD). The scattered intensity data
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were collected from 2θ values of 2 to 80◦ by scanning
at 0.01◦ steps with a counting time of 1 s at each step.
Crystalline phases were identiﬁed by matching with the
International Centre for Diffraction Data Powder Diffraction File (ICDD-PDF). The average crystallite size
(DXRD ) of the samples was determined with the help of
Debye-Scherrer equation from line broadening and the
lattice parameters (a) were estimated by a standard cubic
indexation method using the intensity of the most
prominent peak (111).
The chemical analysis of the prepared samples was
performed by inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermo Jarrel Ash model
IRIS Intrepid II XDL, USA) to conﬁrm the respective
concentrations of the elements in the catalyst. For ICP
analysis, approximately 50 mg of the sample was dissolved in a solution of 25 mL aqua regia and 475 mL
distilled water. Then 10 mL of the above solution was
diluted to 250 mL.
The surface area and pore size distribution of the asprepared samples were determined by N2 adsorptiondesorption isotherms at liquid N2 temperature (77 K) on
a Micromeritics (ASAP 2000) analyzer. Speciﬁc surface
area and pore size distribution were calculated by BET
and Barrett-Joyner-Halenda (BJH) methods, respectively.
Prior to the measurements, the samples were pre-treated
in a vacuum oven at 473 K for 2 h to remove any residual moisture.
SEM studies were performed by using a Zeiss
R
series electron microscope to examine surface
EVO
morphology, and the energy dispersive X-ray analysis
(EDX) was used to determine the elemental composition of samples. The scanning electron microscope was
equipped with a LaB6 source and an EDAX/DX4 detector. The acceleration potential voltage was maintained
at 15 kV and samples were metallised with gold.
The TEM-HRTEM studies were made on a TECNAIG2 TEM microscope equipped with a slow-scan
CCD camera and at an accelerating voltage of 200 kV.
Samples for TEM analysis were prepared by crushing
the materials in an agate mortar and dispersing ultrasonically in ethyl alcohol. After well dispersion, a droplet
was deposited on a copper grid supporting a perforated carbon ﬁlm and allowed to dry. The specimen was
examined under vacuum at room temperature.
Raman spectra were obtained at room temperature
on a Horiba Jobin-Yvon HR 800 Raman spectrometer
ﬁtted with a confocal microscope and liquid-nitrogen
cooled charge-coupled device (CCD) detector. The laser
line at 632 nm of Ar+ ion (Spectra Physics) was used
as an excitation source for the visible Raman spectroscopy. The laser was focused on the sample under a microscope with the diameter of the analyzed spot being
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∼1 μm. The acquisition time was adjusted according
to the intensity of Raman scattering. The wavenumber
values reported from the spectra are accurate to within
2 cm−1 .
XPS analyses were performed using a PHI 5000
Versa probe (Ulvac-PHI) Spectrometer. The X-ray
source utilized was the Mg Kα (1253.6 eV) radiation.
The analysis was done at room temperature and the
pressures were typically on the order of less than 10−8
Pa. The charging of samples was corrected by setting
the binding energy of the adventitious carbon (C 1s) at
284.5 eV. The samples were out gassed overnight in a
vacuum oven at 283 K before XPS measurements. All
binding energies were measured within a precision of
± 0.3 eV.
The TPR analysis was used for evaluating the reduction
properties of the prepared catalysts and was obtained on
an automated Micromeritics AutoChem II-2720 instrument equipped with a thermal conductivity detector
(TCD). Approximately 30 mg of the sample mass was
placed on the top of quartz wool in a U-shaped quartz
reactor (Inner diameter 5 mm). Sample was pre-treated
at a rate of 10 K min−1 to 473 K under a pure He gas at a
ﬂow rate of 30 mL min−1 for 30 min to clean the surface
of the catalysts before TPR investigation. After cooling
down to room temperature, introducing the reduction
agent of 5 vol% H2 /Ar with a ﬂow rate of 20 mL min−1 ,
the temperature was programmatically raised to 1073 K
at a ramp of 5 K min−1 , keeping all the parameters
unchanged. The outlet of the reactor was connected to a
cold trap to absorb the water molecules resulted by the
reduction of the catalysts.
2.3 Catalytic activity measurements
The activity of the catalysts for the oxidation of CO
was measured in the temperature range of 300–773 K at
normal atmospheric pressure using a ﬁxed-bed microreactor at a heating ramp of 5 K min−1 . The samples
(approximately 100 mg, particle size = 250–350 μm)
were placed in the reactor (2 mm inner diameter and
length 250 mm) and diluted with quartz particles with
the same particle size, in order to keep a constant volume and better temperature control in the catalytic bed.
The reaction temperature was monitored and controlled
by using a thermocouple inserted into the middle of catalyst bed. The following gases and gas mixtures were
used (supplied by Air Liquid): argon (> 99.99%
purity), 9.98% CO (> 99.99% purity), and 10.2% O2
(> 99.99% purity) with argon as balance. The CO/O2
reactant feed ratio was 1 and the partial pressures of CO and
O2 were in the range of 10 mbar. The total gas ﬂow rates
were guarded by using three mass ﬂow controllers in the
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lattice parameter (a) values corresponding to the cubic
phase have been calculated for samples and shown in
table 1. It is evident that the lattice parameters of the
mixed oxides are found to be slightly smaller than
those of pure ceria. This could be due to the smaller
ionic radius of respective dopant ions Mnx+ (Mn2+ =
0.083 nm; Mn3+ = 0.065 nm), Fex+ (Fe2+ = 0.074 nm;
Fe3+ = 0.064 nm), and Cox+ (Co2+ = 0.078 nm; Co3+ =
0.063 nm) when compared to Ce4+ = 0.097 nm.22–24
Furthermore, as shown in ﬁgure 1a, the diffraction peaks
of CeO2 –MOx mixed oxides are lower in intensity and
broader than the pure ceria. The observed peak broadening in the XRD patterns of doped ceria samples can be
interpreted in terms of crystallite size and lattice strain.
Accordingly, the crystallite size (DXRD ) of the samples
was calculated by using the Debye–Scherer equation
considering full-width at half-maxima (FWHM) of the
most intense (111) peak of ﬂuorite structure. The procedure for calculation of crystallite sizes for various
samples using the above equation is shown in table S1
(supporting information) and the obtained results are
presented in table 1. These values reveal that the dopant
cations exhibited a strong inﬂuence on the lowering of
crystallite size of the pure ceria. Interestingly, the inﬂuence of Mn ions on ceria crystallite size was much
more effective than that of Fe and Co ions. The crystallite size of the mixed oxides followed the order
CM > CF > CC >C, which is in line with BET surface area results. Further, the smaller crystallite sizes
can be attributed to the presence of more crystal defects,
which are very important for catalytic oxidation reactions. According to Choudary et al., oxygen defects

range of 50–60 N mL min−1 (milliliters normalized to
273.15 K and 1 atm.). The CO and CO2 gas concentrations were measured using an Uras 14 infrared analyzer
module, and the O2 concentration was measured using
a Magnos 16 analyzer (Hartmann & Braun). Prior to the
oxidation of CO, the catalyst was heated to 773 K in a
10.2% O2 /Ar gas mixture, with a heating ramp of 10 K
min−1 , and kept at the ﬁnal temperature for 1 h. The oxidized sample was then purged with Argon to avoid gas
phase reaction and cooled to the desired starting temper
ature. The CO/O2 reactant feed ratio was 1 and the partial pressures of CO and O2 were in the range of 10 mbar.
3. Results and Discussion
3.1 Characterization studies
The crystallinity and phase analysis of the prepared
mixed oxides were studied by X-ray powder diffraction
analysis. Figure 1a shows the XRD patterns of CeO2 –
MOx (M = Mn, Fe, Co) samples along with pure ceria
calcined at 773 K. As can be clearly observed that all
the diffraction peaks could be attributed to ceria with
a cubic ﬂuorite structure (JCPDS No. 34-0394).21 No
diffraction peaks corresponding to MOx related oxide
phases or any other impurity phases are detected in
the mixed oxides. However, a shift to higher diffraction angles can be observed (ﬁgure 1b) for all doped
samples compared with that of pure CeO2 . It can be
ascribed to the introduction of dopants into the ceria
lattice, which resulted in the formation of Ce0.7 M0.3 O2−δ
solid solutions as reported in earlier studies.16,22 The
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Figure 1. (a) Powder X-ray diffraction patterns of pure CeO2 (C), Ce0.7 Mn0.3 O2−δ (CM),
Ce0.7 Fe0.3 O2−δ (CF), and Ce0.7 Co0.3 O2−δ (CC) samples calcined at 773 K; (b) enlarged view
of selected 2θ region.
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Table 1. BET surface area, average pore size, pore volume, crystallite size, lattice parameter, lattice strain, particle size
and AVo /AF2g ratio of pure CeO2 (C), Ce0.7 Mn0.3 O2−δ (CM), Ce0.7 Fe0.3 O2−δ (CF), and Ce0.7 Co0.3 O2−δ (CC) samples calcined
at 773 K.
Sample
C
CM
CF
CC
a

SA (m2 g−1 )

Average pore size (nm)

Pore volume (cm3 g−1 )

D (nm)

LP (Å)

εa

DBET AVo /AF2g (nm)

41
58
55
51

3.96
30.1
34.8
39.7

0.04
0.44
0.41
0.38

8.92
7.19
7.11
8.41

5.41
5.35
5.34
5.39

0.041
0.068
0.061
0.054

20.28 0.18
14.33 0.46
15.12 0.28
16.31 0.24

Calculated from Williamson–Hall plots.

and generation of Ce3+ ions in the ﬂuorite structure
mainly contribute to the lattice strain in CeO2 .25 This
can occur when the lower valent cations are introduced
into the ceria lattice.26 Therefore, in order to elucidate the affect of dopants on the ceria ﬂuorite structure,
we have determined the magnitude of lattice strain (ε),
present in each of the sample, using Williamson-Hall
(We-H) plot. For the calculation of strain, βCosθ/λ is
plotted against Sinθ/λ and the plotted points are linearly ﬁtted. The slope of the ﬁtting gives the value of
lattice strain. The corresponding graphs and the values
are shown in ﬁgure S1 (supporting information) and in
table 1, respectively. It can be clear seen that the lattice
strain in pure ceria increased with the doping of transition metal ions. Generally, the difference in the radii
of the host and guest ions can be reasoned to produce
oxygen vacancies in the lattice to maintain charge balance. These lattice site oxygen vacancies also generate
more strain in the lattice of doped samples. Among the
doped samples, the CM sample exhibited more lattice
strain over pure CeO2 . In addition, the chemical analysis of the CeO2 –MOx mixed oxides are also determined by ICP-OES analysis and the results are shown
in table S2 (supporting information). It is conﬁrmed that
the molar ratios of cerium ion and dopant ions in the
Ce0.7 M0.3 O2−δ solid solutions are in accordance with the
nominal compositions, indicating the good stoichiometric homogeneity of cerium ions and dopant ions in the
synthesized samples. Therefore, the stoichiometry and
the chemical formulae expected from the results can
be represented as Ce0.69 Mn0.31 O2−δ , Ce0.69 Fe0.31 O2−δ ,
and Ce0.69 Co0.31 O2−δ for CeO2 –MnOx , CeO2 –FeOx , and
CeO2 –CoOx mixed oxides, respectively.
The N2 adsorption–desorption isotherms of the C,
CM, CF, and CC samples calcined at 773 K are shown
in ﬁgures 2a, 2b, 2c and 2d, respectively. It could be
seen from the ﬁgures that all samples exhibited type IV
adsorption isotherms as deﬁned by IUPAC.27 A close
look at the isotherms reveals that there is much less
adsorption in the low pressure region and the hysteresis loop is almost like an H3 isotherm. This may be
attributed to the so called pore blocking or percolation

effect.28 This effect is expected to occur when the pore
has access to the external surface only through a narrower neck as in an ink bottle pore. A distinct capillary
condensation step at a relative pressure in the range of
0.55–0.98 indicates that uniformly sized pores are generated after the two steps replication process. Further,
as observed in the case of CM, CF and CC samples, the
porous network is different in each case because of surface heterogeneity and varying particle size relatively.
As indicated by narrow hysteresis loops with steep and
nearly parallel adsorption and desorption branches, the
samples studied in this work appear to have good pore
connectivity and relatively narrow pore size distribution. The pore size distribution for the prepared samples, which are calculated from the desorption branches
of isotherms using the BJH method are shown in ﬁgure
2 (inset view). The CM, CF, CC, and pure CeO2 samples showed average pore size of 30.1, 34.8, 39.7, and
3.96 nm, respectively, which conﬁrm the mesoporous
nature of the catalysts. It can be concluded that each
sample exhibits unimodal pore size distribution. The
speciﬁc BET surface area, pore size and pore volumes
of these catalysts are also summarized in table 1. It is
clear that the speciﬁc surface area and pore volumes
were increased after the incorporation of dopants into
the ceria lattice. These changes may be related to the
grain size of the samples to some extent. In other words,
the incorporation of transition metal dopants into the
lattice of CeO2 could improve the texture property
effectively. Furthermore, the relatively high speciﬁc
surface area of the doped samples can also be associated
to the nanometric size of the particles.
The average particle size values of all samples are
also calculated from the surface area measurement using
the equation DBET = 6000/(SBET × ρCeO2 ), where DBET
the average particle size (nm), SBET (m2 /g) is BET
surface area and ρ (g/cm3 ) is the theoretical density
of the ceria (∼7.215 g/cm3 ), assuming that particles
are smooth spheres. The obtained analysis results are
shown in table 1. In general, the crystallite size (DXRD )
is not equal to the actual particle size (DBET ) due to
agglomeration effects in the latter.29 It can be clearly
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Figure 2. N2 adsorption-desorption isotherms of (a) pure CeO2 (C); (b) Ce0.7 Mn0.3 O2−δ (CM);
(c) Ce0.7 Fe0.3 O2−δ (CF); and (d) Ce0.7 Co0.3 O2−δ (CC) samples calcined at 773 K (inset: pore size
distribution curves).

seen from table 1 that for any particular sample, the
values of average particle size is slightly higher than
that of average crystallite size. However, in the case
of pure ceria the difference is very high, due to higher
particle agglomeration of crystalline nanoparticles. On
the other hand, the particle size values of CM, CF, and
CC samples are closely consistent with the observations
made by TEM analysis, which are discussed in the later
sections.
In order to investigate the surface morphology of
the synthesized Ce0.7 Mn0.3 O2−δ (CM) solid solutions
(selected one), SEM studies were performed and the
obtained image is shown in ﬁgure 3a. The CM sample
clearly shows the nanoparticle morphology and a little
agglomeration of the primary nanoparticles.21 In general
the composition can be very sensitive for the catalytic
applications. Therefore the elemental composition of
CM sample was assessed by EDX analysis and the
results are mentioned in ﬁgure 3b. In EDX spectrum,
numerous well-deﬁned peaks are evident, which can be
related to Mn, O and Ce and they clearly support that the
synthesized sample is made of Mn, O and Ce with

the composition as per the initial precursor concentrations. No other peaks related to impurities were detected in the spectrum indicating that nitrate ions were
completely removed during the washing. Further, this
investigation also gave evidence that the Mn dopant is
homogeneously distributed in the matrix of CeO2 .
The morphology and microstructure of CM, CF, and
CC samples are further illustrated by TEM and HRTEM
analysis. Typical TEM images of Mn, Fe, and Co-doped
ceria samples are shown in ﬁgures 4a, 4c, and 4e, respec
tively. It is clearly observed from the TEM micrographs
that in all catalysts the nanosized particles are homogeneously distributed with the spherical morphology along
the surface. The average particle size values of the Mn,
Fe, and Co-doped ceria samples were found to be in the
range of ∼8–10, 11–13, and 14–16 nm, respectively,
which are in good agreement with the calculated average particle sizes from BET analysis as shown in table
1. Besides, HRTEM was also employed to obtain the
internal structure of the produced nanoparticles. Distinct lattice planes in HRTEM images (4b, 4d, and 4f)
of all the samples are demonstrating a high degree of
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CM
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Figure 3. SEM-EDX images of (a, b) Ce0.7 Mn0.3 O2−δ (CM) sample calcined at 773 K.

crystallinity and a high stability of the nanoparticles.
It is well-known that the HRTEM image of pure CeO2
displayed the dominant (1 1 1) lattice fringes with the
interplanar spacing of 0.312 nm.16,30 In contrast, the
doped CeO2 samples showed little change and the distance was around 0.309 nm. Further, the absence of
diffraction patterns and lattice fringes, corresponding
to MOx (M = Mn, Fe, Co) phases suggest that dopant
ions are substituted in the CeO2 lattice and forming the
Ce0.7 M0.3 O2−δ solid solution particles.
Raman spectroscopy was employed as a versatile
analytical tool to characterize metal−oxygen (M−O)
bonds as well as lattice defects in the investigated
samples.19 Figure 5 shows the Raman spectra of CM,
CF, and CC samples calcined at 773 K along with the
pure CeO2 . Generally, the pure CeO2 shows two bands
at ∼464 and ∼597 cm−1 . The prominent peak at ∼464
cm−1 can be assigned to triply degenerate F2g Raman
active mode in the ﬂuorite structure of ceria, which
is the only one allowed in ﬁrst order.31 This F2g peak
originates from the symmetric breathing mode of the
oxygen atoms which are located around Ce4+ ions.
The comparatively weak band at ∼597 cm−1 can be
ascribed to the intrinsic oxygen vacancies due to the
existence of Ce3+ ions.31 Being related with oxygen
mobility, the presence of oxygen vacancies are also
important because of the possible role of these sites in
certain oxidation reactions. Compared with pure ceria,
the F2g mode in all doped ceria samples shifts to a lower
frequency and signiﬁcantly broadens with imported
dopant ions. It appears that CM sample presents the
highest shift, whereas the CF and CC samples exhibit
a little shift. The most probable interpretation for the
shift and broadening of the peaks can be due to the
signiﬁcant modiﬁcation of the M–O vibration frequency, which probably results from the presence of

dopant ions in the ﬂuorite lattice.32 In addition to F2g
peak, all the CM, CF, and CC samples showed lower
intensity peaks at ∼590.7, 593.6, and 589.2 cm−1 ,
respectively. These peaks can be attributed to oxygen
defects/vacancies (Vo ) in the doped ceria structure.30,31,33
It is well-known that the substitution of Ce4+ by the
dopant (M2+/3+ ) results in the creation of oxygen
vacancies to compensate the effective negative charge
produced in the CeO2 lattice. To conﬁrm the formation
of oxygen vacancies in the doped ceria samples, the
ratio between the peak areas of Vo (AVo ) and F2g (AF2g )
of the samples were calculated and listed in table 1.
It can be seen from table 1 that the order of AVo /AF2g
values was CM > CF > CC > C. It was reported that
the higher the AVo /AF2g ratio, the higher the oxygen
vacancies.18 Therefore, the presence of dopants promoted formation of oxygen vacancies in the CeO2
lattice. Surprisingly, the doped ceria samples also
exhibited a few additional bands. For CM sample, the
band at ∼643 cm−1 can be assigned to a Mn–O–Mn
stretching mode of crystalline Mn3 O4 phase.34 On the
otherhand, two vibrational modes were observed for
CF catalyst at ∼218 and ∼283 cm−1 and could be
assigned to the presence of Fe2 O3 oxide.35 In the case
of CC sample, a weak band at ∼673 cm−1 can be
assigned to the presence of Co3 O4 oxide.36 However,
the Mn3 O4 , Fe2 O3 , and Co3 O4 oxides were not detected
by XRD analysis, which ensures the amorphous nature
of dopant oxides dispersed on the ceria lattice. Therefore, the observed results indicate that transition metal
doping distorts the crystal structure of cerium oxide
through the formation of Ce0.7 M0.3 O2−δ solid solutions
and induces oxygen vacancies in the bulk of the ceria.
In order to ﬁnd out the oxidation states of the elements present in the samples, the XPS experiments
were performed. The Ce 3d XPS proﬁle is shown in
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Figure 4. TEM (a, c, e) and HRTEM (b, d, f) images of Ce0.7 Mn0.3 O2−δ (CM),
Ce0.7 Fe0.3 O2−δ (CF), and Ce0.7 Co0.3 O2−δ (CC) samples calcined at 773 K.

ﬁgure 6. As can be seen from ﬁgure 6, the Ce 3d
spectrum can be decomposed into eight components
corresponding to four pairs of spin–orbit doublets.37
The complex shape of the Ce 3d spectra mainly arises
from the multiplet effect such as hybridization of Ce
4f orbitals with O 2p levels and ﬁnal state, which are
characteristic of CeO2 . The peaks labeled as “u” are
due to Ce 3d3/2 spin-orbit states, and those labeled as
“v” are due to the corresponding Ce 3d5/2 states. As
shown in ﬁgure 6, six characteristic peaks u′′′ , u′′ , u and
v′′′ , v′′ , v uniquely attributable to Ce4+ ions and those
labeled as u′ and v′ can be attributed to Ce3+ ions.37,38
These results conﬁrm that both Ce4+ and Ce3+ ions are
existing on the surface of the catalysts. Surprisingly,

it was observed that the ratio of Ce3+ /(Ce3+ +Ce4+ ) is
changed in the doped ceria samples while compared to
pure CeO2 . In order to verify this observation, the relative content of Ce3+ /(Ce3+ +Ce4+ ) over various catalyst surfaces was calculated by peak ﬁtting of Ce 3d
XPS and the obtained results are listed in table 2. The
order of Ce3+ concentration was CM > CF > CC > C.
This observation can be due to the transformation of
Ce species from Ce4+ to Ce3+ caused by the replacement of Ce4+ by dopant ions and forming more oxygen vacancies. The presence of oxygen vacancies concentration from XPS study is fairly supported by the
Raman analysis. Further, the u′′′ intensity (Ce4+ ) of
doped ceria samples shifted to lower energy side. This
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Figure 5. Raman spectra of pure CeO2 (C), Ce0.7 Mn0.3
O2−δ (CM), Ce0.7 Fe0.3 O2−δ (CF), and Ce0.7 Co0.3 O2−δ (CC)
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Figure 6. Ce 3d core level XPS spectra of pure CeO2 (C),
Ce0.7 Mn0.3 O−δ (CM), Ce0.7 Fe0.3 O2−δ (CF), and Ce0.7 Co0.3
O2−δ (CC) samples calcined at 773.

observation indicates that doping inﬂuences the chemical environment of pure CeO2 .26 Based on these observations, the special redox couple Ce4+ /Ce3+ , in the form
of CeO2 /Ce2 O3 , could easily generate labile oxygen
vacancies and highly mobile oxygen species, which
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play an important role in the CO oxidation.39,40 Besides,
it was reported that the concentration of oxygen vacancies in the ceria are related to the particle size, thereby
smaller nanoparticles posses a higher concentration of
oxygen vacancies.41 As the structure of doped ceria
samples fabricated in this work consist of nanosized
particles of ﬂuorite structured ceria as building units
which is evidenced from XRD, BET and TEM investigations, a high concentration of the oxygen vacancy
can be expected. In particular, among all the samples,
the CM sample had the smallest particle size from
the above mentioned measurements as well as it has a
maximum Ce3+ concentration as observed from XPS
analysis.
The binding energies of Mn 2p, Fe 2p, Co 2p, and O
1s have been recorded for various catalysts and the
results are shown in ﬁgure 7. Spectra of the Mn 2p
region, depicted in ﬁgure 7a, exhibited two peaks
located at ∼641.4 and ∼653.1 eV. The former peak
arises from Mn 2p3/2 , and the later peak can be due to
Mn 2p1/2 . The spin orbit splitting distance of these peaks
is E = 11.7 eV. The observed binding energy value
of Mn 2p3/2 at 641.4 eV indicates that Mn is existed
in 2+ and 3+ oxidation states bonding with oxygen.
Because the binding energy (BE) of Mn2+ and Mn3+
are very close to each other, a distinct identiﬁcation of
the oxidation states is not possible, which is consistent with the results of Machida et al. and Murugan
et al.42,43 The co-existence state of MnO–Mn2 O3 can
promote the catalytic oxidation of CO to CO2 at low
temperatures. Further, the measured binding energies
of Mn ions are lower than those of pure MnO and
Mn2 O3 , which indicates a strong interaction between
manganese and cerium oxides.44 As shown in ﬁgure 7b,
the Fe 2p spectra shows characteristic of Fe 2p3/2 and Fe
2p1/2 peaks at binding energies of ∼711.4 and ∼724.7
eV, respectively. In addition to the above two peaks, two
satellite peaks are also observed. These satellite peaks
are clearly distinguishable and did not overlap either of
the Fe 2p3/2 or Fe 2p1/2 peaks. The binding energy of
Fe 2p3/2 at ∼711.4 eV, the difference between Fe 2p3/2
and Fe 2p1/2 peaks (∼13.3 eV), and the presence of two
satellite peaks are characteristic of Fe 2+ and Fe 3+
states.45,46 In addition, there appears to be another satellite peak at ∼733.1 eV and it may be a satellite peak for
Fe 2p1/2 .47 Figure 7c presents the Co 2p XPS spectra
containing the well deﬁned doublet peaks of Co 2p3/2
and Co 2p1/2 . It was found that the binding energies of
Co 2p3/2 and Co 2p1/2 peaks are around ∼780.2 and
∼795.3 eV, respectively. The observed Co 2p3/2 value
is close to the value reported for CoO, indicating that
cobalt can be present as Co+2 on the surface.48 Usually, the splitting value of the doublet Co 2p3/2 –Co 2p1/2
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Figure 7. (a) Mn 2p; (b) Fe 2p; (c) Co 2p; and (d) O 1s spectra of Ce0.7 Mn0.3 O2−δ (CM),
Ce0.7 Fe0.3 O2−δ (CF), Ce0.7 Co0.3 O2−δ (CC), and pure CeO2 (C) samples calcined at 773 K.

( Co) allows discrimination between Co+2 and Co+3 .
Indeed, a Co = 16 eV is reported for the high-spin
Co+2 , while Co = 15 eV for the low-spin Co+3 ions.49
The Co is, in our case, of ∼15.1 eV, which suggests
the presence of Co+3 on the surface. The existence of
the satellite peak at about ∼789.1 eV is also correlated
with the presence of Co2+ species. From these results,
it can be concluded that cobalt ion is present in a mixed
valence state on the surface, i.e. Co2+ and Co3+ .
The O 1s XPS spectra of all synthesized catalysts
are analyzed in order to investigate the characteristics
of surface oxygen species as shown in ﬁgure 7d. The
O 1s spectra of catalysts are ﬁtted with three peak
contributions. The ﬁrst peak at ∼528.5–528.9 eV corresponds to lattice oxygen (OI ), the second peak at
∼530.1–530.9 eV can be attributed to the defect oxides
or surface hydroxyl groups (OII ), and the third peak
at ∼531.6–532.8 eV can be ascribed to carbonates
and/or water molecules (OIII ) with low coordination.50

Compared to pure ceria, the O 1s core levels of OI , OII
and OIII over all CM, CF, and CC samples shifted to
lower values. The doping of lower valent cations (Mn,
Fe, and Co) into the CeO2 lattice generates excess negative charge, thereby shifting the O 1s binding energy
to the lower binding energy side. Generally, the defect
oxygen species (OII ) or surface hydroxyl groups are the
most active oxygen and can play a vital role in the oxidation reactions.51 The relative percentages of these different oxygen species are quantiﬁed based on the summation of peak areas and the results are listed in table 2.
Obviously, the addition of Mn, Fe, and Co oxides
results in more OII % in comparison to pure CeO2 . Especially for the CM sample (37.08%), the proportion of
OII species is higher than that of CF, CC, and pure
CeO2 , which means that it has richer surface active
oxygen than the other samples. This result is in good
accordance with the H2 -TPR measurements in which
doped ceria samples exhibited a surface reduction peak
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Table 2. Binding energies and surface atomic concentrations of pure CeO2 (C), Ce0.7 Mn0.3 O2−δ (CM), Ce0.7 Fe0.3 O2−δ (CF),
and Ce0.7 Co0.3 O2−δ (CC) samples calcined at 773 K.
Sample

Ce3+ /Ce3+ +Ce4+ (%)

Ce 3d (u′′′ ) (eV)

27.58
35.61
32.75
29.87

917.13
916.21
916.87
916.82

528.9
528.5
528.7
528.9

72
5

59
3

52
9

C
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O 1s centre (eV )
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Figure 8. H2 -TPR spectra of pure CeO2 (C), Ce0.7 Mn0.3
O2−δ (CM), Ce0.7 Fe0.3 O2−δ (CF), and Ce0.7 Co0.3 O2−δ (CC)
samples calcined at 773 K.

at lower temperature than pure ceria. It is well-known
that the high OII concentration always exhibits great
inﬂuence on the catalytic activity for low-temperature
CO oxidation.36 This result may provide another reasonable explanation for the low-temperature activity of
CM sample in the following CO activity tests.
The redox properties of the catalysts play an important role in catalytic oxidation reactions and the H2 -TPR
is an effective method to obtain such information. The
H2 -TPR proﬁles for pure CeO2 , CM, CF, and CC samples calcined at 773 K are shown in ﬁgure 8. There are
two broad peaks at ∼758 and 1005 K on the spectrum
of pure ceria within the test temperature range. According to the literature,10,52,53 the ﬁrst peak around ∼758 K
can be ascribed to the reduction of surface Ce4+ to Ce3+
and the other peak at ∼1005 K is generally corresponds
to the reduction of bulk CeO2 . The reduction proﬁles of
the CM, CF, and CC samples shifted to lower temperatures compared to pure ceria, indicating that the dopant

530.8
530.1
530.4
530.7

532.8
531.6
532.1
532.3

Surface atomic concentration O/OT (%)
OI
OII
OIII
41.82
40.08
43.25
39.26

32.27
37.08
34.44
33.49

25.91
22.84
22.31
27.25

ions could promote the reducibility of neighboring Ce
ions and there is a synergistic interaction between Ce-O
and M-O (M = Mn, Fe, and Co) oxides through the
formation of Ce0.7 M0.3 O2−δ solid solutions.15 In particular, the surface reduction peak of pure ceria has
changed signiﬁcantly upon doping. This can be due to
the weakly bounded oxygen atoms in Ce-O-M than in
Ce-O-Ce. Further, it has been accepted that the higher
surface area of the mixed oxides in comparison to pure
ceria could also promote its reduction. This fact can be
further conﬁrmed from the appearance of broad lattice
diffraction peaks of doped-CeO2 in the XRD patterns
(ﬁgure 1a). For CM sample, a major peak at ∼514 K
and a weak peak at 604 K were found. Zou et al. also
reported very similar TPR proﬁle for Mn doped CeO2
catalyst prepared by a co-precipitation method.27 The
low temperature reduction peak could be assigned to
the reduction of MnO2 /Mn2 O3 to Mn3 O4 , and the hightemperature reduction peak corresponds to the combined reduction of Mn3 O4 to MnO and surface oxygen
removal of ceria.54 As shown in ﬁgure 8, three reduction
peaks were detected in CF and CC samples. However,
the CC sample showed the reduction peaks at lower
temperature than CF sample. Reduction peaks at ∼630,
723, and 972 K are found for CF sample. According to
the literature reports, they can be ascribed to the reduction of Fe2 O3 → Fe3 O4 , the consumption of surface
CeO2 and overlapping of the reduction of Fe3 O4 →
FeO, and the release of the bulk oxygen of ceria as well
as overlapping of the FeO → Fe0 , respectively.55,56 A
similar curve was observed for CC sample with reduction peaks at ∼529, 593, and 725 K. The peaks at
∼529 and 593 K can be assigned to the reduction of
Co3 O4 interacting with CeO2 to CoO and the subsequent reduction of CoO to metallic Co. The third peak
at high temperature can be attributed to the reduction
of subsurface oxygen species of ceria.20,22 From the
above results, it can be concluded that the reducibility of the pure ceria, mainly for the surface reduction
step, is strongly enhanced by dopants incorporation that
favours oxygen mobility. It is widely accepted that high
mobility of oxygen in the surface and bulk gives an
important contribution to the CO oxidation activity.
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Figure 9. Conversion of CO (%) versus temperature (K)
for pure CeO2 (C), Ce0.7 Mn0.3 O2−δ (CM), Ce0.7 Fe0.3 O2−δ
(CF), and Ce0.7 Co0.3 O2−δ (CC) samples calcined at 773 K.

3.2 Activity studies
The catalytic oxidation of CO on mixed metal oxide
surfaces is one of the major current research topics due
to its relatively simple mechanism. The CO oxidation
reaction can be used as a cornerstone to establish a
model for more complex catalytic reactions on surfaces.
It is well-known that ceria is very useful for the catalytic oxidation of CO due to the special oxygen storage
and release properties.8 In order to improve the catalytic
CO oxidation performance, the doping of transition
metals such as Mn, Fe, and Co into ceria lattice is very
important. The catalytic performance of different metals
(Mn, Fe, Co) doped ceria solid solutions and pure CeO2
for CO oxidation in the temperature range of 300–750 K
is shown in ﬁgure 9. As observed from ﬁgure 9, the catalytic activity of all the samples increased as the reaction
temperature increases. It is also clear from the ﬁgure
that CM sample exhibited high activity compared to
all other investigated catalysts. The 100% conversion
of CO to CO2 can be achieved at temperatures lower
than ∼525 K for all Ce0.7 Mn0.3 O2−δ , Ce0.7 Fe0.3 O2−δ , and
Ce0.7 Co0.3 O2−δ solid solutions. On the other hand, a
high temperature is required for 100% CO conversion
for bare CeO2 (> 600 K). From the ﬁgure, the light–
off temperature curves T50 (50% CO conversion temperature) and T90 (90% CO conversion temperature) of CO
oxidation clearly explain that the transition metals doping into ceria strongly inﬂuences the catalytic activity
of the investigated samples. The catalytic activity for
CO oxidation followed the order: CM > CF > CC > C.

The superior performance of mixed oxides compared
to pure ceria at lower temperatures could be attributed
to the strong synergistic interaction between transition
metal ions and CeO2 . To conﬁrm the synergistic interaction, the CO oxidation performance of CeO2 −MnOx
mixed oxide is compared with that of pure CeO2 and
MnOx as shown in ﬁgure S2 (supporting information).
It was found that the Mn doped CeO2 reduced the T50
value when compared to individual oxides. Therefore,
it can be concluded that the introduction of transition
metals into ceria lattice, the Ce–O and M–O bonds are
weakened through the formation of the Ce0.7 M0.3 O2−δ
solid solution, thereby reducing the oxygen vacancy
formation energy and enhancing the reactivity of the
surface. Further, the enhancement of reactivity could be
explained that the presence of surface oxygen vacancies, thus the chemisorbed CO migrates to the periphery
of the CeO2 –MOx interface and reacts with the activated O2− and generates CO2 . As observed from the
results of BET surface area in table 1, CM catalyst has
higher surface area than that of CF and CC samples,
which leads to the increase of surface adsorbed oxygen.
It is well established that the surface adsorbed oxygen
is beneﬁcial to the catalytic oxidation of CO at lower
temparatures.36 H2 -TPR results disclosed that CM catalyst shows the superior redox properties (particularly
surface reduction) compared to all other investigated
catalysts and the order was CM > CF > CC > C.
Similarly, the T50 and T90 values of the catalysts are
also followed the same trend as shown in table S3 (supporting information), suggesting that the CO oxidation
performance could be correlated with the facile redox
nature of the mixed oxides as well. Summing up, the
enhanced reducibility of Ce0.7 Mn0.3 O2−δ solid solution
in conjunction with its high surface area can be considered crucial towards CO activity. Further, from the
XPS results, the Mn element on the surface of CeO2 –
MnOx catalyst is mainly as Mn2+ /Mn3+ , which exhibit
good ability to activate oxygen. Therefore, it is clear
that the Mn element in CeO2 –MnOx mixed oxides can
activate oxygen and the Ce4+ in that can absorb and
activate CO. Therefore, CO oxidation reaction over
Mn3+ –O–Ce4+ species probably follows the interfacial
reaction mechanism, in which CO adsorbed on Ce4+
reacts with O adsorbed on adjacent Mn3+ to form CO2 .
Accordingly, the CeO2 –MnOx catalyst possessed the
largest speciﬁc surface area, more manganese species
with higher oxidation states on the catalyst surface, and
the best reducibility, which resulted in its best catalytic
activity. Moreover, the CO conversion of all samples
is stable even at higher temperature, which shows the
higher thermal stability of all the doped ceria samples.
Compared to other doped-ceria systems such as Sn, Zr
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and Hf, the Ce0.7 M0.3 O2−δ solid solutions prepared in
this work showed high activity in CO oxidation, which
confer them great potential as important materials for
oxidation reactions.57,58

4. Conclusions
In summary, the transition metal-doped CeO2 catalysts
(Ce0.7 M0.3 O2−δ , M = Mn, Fe, Co) were successfully
prepared by simple and facile co-precipitation method.
The structural characteristics and CO oxidation activity
of these catalysts have been systematically investigated
by XRD, ICP-OES, BET surface area, SEM-EDX,
TEM and HRTEM, Raman, XPS, and H2 -TPR techniques. The XRD results demonstrated that all the samples can be indexed to the cubic ﬂuorite structured ceria.
The absence of the peaks corresponding to MOx indicates the formation of Ce0.7 M0.3 O2−δ (M = Mn, Fe, and
Co) solid solutions where an interstitial substitution of
dopant ions in the Ce sites takes place. A clear spherical morphology of Ce0.7 M0.3 O2−δ solid solution nanoparticles with uniform particle size in the range of
∼8–16 nm was revealed by TEM-HRTEM analysis.
Raman spectra indicated the cubic ﬂuorite structure of
ceria and the existence of oxygen vacancies, and displacement of oxygen ions from their normal lattice
positions in the ceria-based mixed oxides. A high percentage of Ce3+ valence state was determined by XPS
for the Ce0.7 Mn0.3 O2−δ sample. The formation of surface
adsorbed oxygen depends on the nature of the dopants,
especially doping with Mn highly enhances the formation of surface absorbed oxygen. Ce0.7 Fe0.3 O2−δ and
Ce0.7 Co0.3 O2−δ solid solutions also presented more surface absorbed oxygen than pure CeO2 . From H2 -TPR,
it is clear that Ce0.7 Mn0.3 O2−δ sample showed enhanced
surface reduction at lower temperatures, indicating a
high mobility of oxygen ions in this sample. Particularly,
the Ce0.7 Mn0.3 O2−δ solid solution exhibits the superior
activity towards CO oxidation reaction compared to
Ce0.7 Fe0.3 O2−δ and Ce0.7 Co0.3 O2−δ solid solutions. The
ability to release a substantial amount of oxygen at relatively low temperatures makes Ce0.7 Mn0.3 O2−δ solid
solution a potential material for catalytic applications.
This research may be suggestive for the synthesis of
Ce-based metal oxide systems for various catalytic
oxidation reactions at lower cost.

Supplementary Information
Detailed information about the Williamson-Holl (We-H)
plots, CO oxidation proﬁle, calculation of crystallite
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size using Debye-Scherrer equation, chemical composition by ICP-OES analysis, surface reduction temperatures, and characteristic temperatures of CO oxidation
of all the investigated catalysts calcined at 773 K are
available at www.ias.ac.in/chemsci.
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