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A B S T R A C T

The CuMnOx and ceria doped CuMnOx catalysts (with ceria loadings in the range 0.5–3 wt.%)
were synthesized by using the Co-precipitation method and characterized by various methods as discussed in

the manuscript. Carbon monoxide (CO) is an individual one of the most toxic gases presents in the atmosphere
and ambient-temperature complete oxidation of it is an important process for human health protection.
According to the results, Ceria was doped successfully into the CuMnOx catalyst lattice. The better catalytic
activity was observed 2.50 wt.% of ceria doping in the CuMnOx catalyst was found. The calcinations strategies
(reactive calcinations and traditional calcinations) of the precursor have a huge impact on the activity of re-
sulting catalysts. The presence of more number of oxygen vacancies and high specific surface area in ceria
promoted CuMnOx catalyst to design highly active catalyst. The reusability of ceria doped CuMnOx catalyst was
also tested and observed that this catalyst does not show any high level of major changes in its catalytic activity
even after reuses.

1. Introduction

Stabilization of base metals at low oxidation state is very important
in their application of heterogeneous catalysts. These materials struc-
tured units often have represented the physical and chemical properties
that are especially useful for their efficient applications. It's an eco-
nomical, environmentally friendly and easily available catalyst for low-
temperature CO oxidation [1,2]. These catalysts are synthesized via
various methods and often produce several micro/ nanostructures with
smart shapes, such as spherical, pyramids, laminated-cube and dumb-
bell structures had been reported [3,4]. It is highly new investigated
candidates due to their prospective application in catalysis and energy
exchange [5]. Carbon monoxide (CO) is an individual one of the major
toxic gases present in the atmosphere and produced from the partial
oxidation of carbon-containing compounds [6]. CO combines with he-
moglobin present in the blood cells and converted into carboxy-he-
moglobin which reduces the oxygen carrying capacity of human body
[7]. It is major reactive trace gases present in the earth's atmosphere,
influences the atmospheric chemistry as well as the climate. The huge
amounts of CO are emitted in the world, mainly from the transportation
sector [8,9]. Rising the number of vehicles on roads, CO concentration
has reached at alarming level in urban areas [10]. A catalytic converter
is an emission control device that converts more toxic pollutants pre-
sent in the automobile exhaust into less toxic by catalytic reactions

[11]. It's also applications in housing, CO detectors, automotive air
cleaning technologies, gas masks for firefighters and mining industry
[12]. The performance of catalytic converter highly depends upon the
types of catalysts was used. In the presence of catalyst, the rate of
chemical reaction was increased; it acts like an agent that reduces the
activation energy of reactions [13,14]. This mussel-inspired surface
chemistry has invigorated great interest in material surface function of
different materials and provides convenient shortcut to tailor the phy-
sicochemical properties for different applications.

A variety of transition metals and metal oxides catalysts have been
investigated for the catalytic oxidation of CO, among them the CuMnOx
catalyst was found to be more effective, which have shown that the
excellent catalytic activities for such reactions. The hopcalite (CuMnOx)
is one of the oldest known catalysts for CO oxidation at a low tem-
perature. It was attracted much attention because of their low cost, high
catalytic activity and moisture resistance [15]. In 1920 Lamb, Bray and
Frazer discovered that various mixture oxides of Cu, Mn, Ag, and Co,
identified as a group of catalysts known as hopcalite (CuMnOx). Jones
and Taylor confirmed the catalytic properties of such a system
called hopcalite in the year 1923. It can efficiently catalyze the oxi-
dation of dry CO even at room temperature [16]. To date, there are
various methods have been applied to synthesize the CuMnOx catalysts
[17]. A literature survey reported that the hopcalite catalyst is highly
active in the amorphous state even at room temperature but has been
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observed to lose their activity after exposition at temperatures above
773 K where crystallization of the spinel CuMn2O4 has occurred. [18].
The addition of dopant into the CuMnOx catalyst improves their cata-
lytic activity for CO oxidation. A lot of attention has been given to
modification of the hopcalite catalyst to remove its faults of moisture
deactivation and lower activity [19,20].

The distinct reaction mechanisms of CuMnOx catalyst with CO have
been discussed below. In the CO oxidation process, the oxygen is first
adsorbed on the CuMnOx catalyst surface with the energy of activation
[21]. The Cu-oxide is found weakly active for CO oxidation, but in
combination with Mn-oxide in suitable proportions, some very highly
active catalyst system was generated [22]. It has been reported that
these catalysts’ have high catalytic activity in CO oxidation could be
attributed to the resonance system Cu2+ + Mn3+ ⇆ Cu+ + Mn4+ and
high adsorption of CO onto Cu2+/Mn4+ and O2 onto Cu+/Mn3+. The
additional of Cu into MnOx improved its catalytic activity for CO oxi-
dation [23,24]. The oxygen species associated with Cu in the CuMnOx
catalyst are very active and may be dominated by the low-temperature
catalytic oxidation of CO. In characterization points to improve the
reactivity of lattice oxygen associated with Cu species as well as the
mobility of lattice oxygen from Mn species [25,26]. Ceria had a high
oxygen storage capacity and high redox properties; therefore, it was
making more oxygen available for CO oxidation process. Ceria acts as
reducible oxide support, improving the catalytic activity via metal-
support interaction and/or improved dispersion of active metal com-
ponents [27]. The thermo-dynamic study also represents that the en-
dothermic nature of adsorption process. On the whole design and
production of CuMnOx catalysts with high adsorption capacity are
proved very facile and attractive for further used in other fields.

Each released O atom leaves a vacancy and creates two Ce3+ (Ce4f)
cations by transferring electrons to two Ce4+ cations (Ce4f0). An im-
portant property of ceria has stabilized the catalyst against deactivation
due to the high thermal stability and/or better dispersion of active
metal [28]. Instead of using ceria alone as the catalyst for CO oxidation,
more researchers focus on the modification of CeO2 with different ions
to improve the activity and thermal stability [29]. In the Ce doped
CuMnOx catalyst, the presence of mixed oxides of Cu, Ce and Mn were
the most enriched Mn4+ has the smallest size among all the cations
present on the surface. Recent reports have shown that the activity of
ceria in the complete CO oxidation processes can highly improved by
the transition metals [30]. The CuMnCe catalyst has different mor-
phological states of their elements and oxygen activation performances
were synthesized by the co-precipitation method and impudence of
their structural and redox properties on CO oxidation processes were
investigated [31,32]. The ceria doped CuMnOx catalyst also influence
by the ceria over yields of catalytic oxidation of CO. The Ce (III) and Ce
(IV) have a high oxygen storage capacity which improves the catalytic
potential, also its oxidation capacity of Ce3+ to Ce4+ states leads to
high oxygen mobility resulting in better catalytic performance [34]. It
is well-known that the modification of ceria by doping with transition
metal cations induces several benefits on the catalytic features of ceria
such as improvement in the thermal stability, enhanced surface re-
ducibility, high oxygen mobility, which contributes to the effective CO
oxidation [35]. Ceria is irreplaceable or its ability to be reduced and
reoxidized, as well as oxygen mobility due to the rich bulk oxygen
vacancies [36]. The performance of catalysts very much depends upon
the calcinations conditions of precursors and subsequent pretreatment
of the catalysts. The high-temperature calcinations cause sintering of
active crystallites with a consequent loss of surface area and adverse
effects on the performance of catalyst [37]. Therefore, to minimize the
above mentioned drawbacks of two steps of calcinations and pretreat-
ment, a newer route of single step thermal treatment of precursors in a
reactive 4.5%CO–air mixture at a low temperature (160 °C) has been
applied by the authors for preparing of highly active catalysts by pas-
sing the separate pretreatment step [38]. Such a single step thermal
treatment of precursor is so-called “RC method” by the authors. It is

postulated that during the RC method parallel to the multifarious
phenomena of CO oxidation and precursor decomposition, it causes
synergistic effect in the formation of oxygen-deficient catalyst at low
temperature [39]. The success of catalysts has prompted a great deal of
fundamental work devoted to clarifying the role played by each ele-
ment and nature of active sites [40]. Therefore, the series of ceria doped
CuMnOx catalyst were prepared for further research. The various cat-
alysts were prepared by altering the w/w% of ceria doping on CuMnOx,
which were characterized by SEM-EDX, XRD, FTIR, XPS, TEM and BET
techniques. The catalytic activities of prepared catalysts evaluated and
conversion of CO were monitored by the gas chromatography. The in-
vestigated materials were prepared by Co-precipitation method and
pure CeO2 sample was also prepared under identical conditions for
comparison purposes [41,42]. A comparison of characteristics of fresh
catalyst and spent catalysts has been conducted. If the spent catalysts
can be regenerated, activated effectively and increase the life of cata-
lyst, they can be reused with higher values and economic efficiency.
The physical properties of spent catalysts, as well as their composition
are generally different from those of fresh catalysts [43,44]. Along with
the rapid development and wide application of catalysis technology, the
amounts of different spent catalysts are increased from year to year.

2. Experimental

2.1. Catalyst preparation

All the catalysts were prepared by co-precipitation method. The
chemicals used for research works were of analytical regent grade. A
solutions of Mn-Acetate (Mn(CH3COO)2.4H2O) was added to copper(II)
nitrate (Cu(NO3)2.3H2O) and stirred for 1 h. The mixed solution was
taken in the burette and added drop wise to a solution of KMnO4 under
vigorous stirring conditions for co-precipitation purposes [27]. The
resultant precipitate was stirred continuously for 2 h. The molar ratio of
Cu/Mn in the CuMnOx catalyst was 1:8.3. Ceria was added in the form
of cerium nitrate (Ce(NO3)2.6H2O) over the CuMn8Ox at the time of
precipitation process so that the ceria concentration was maintained
(0.5 wt.%–3.0 wt.%) by weight in the final catalyst. The precipitate was
filtered and washed several times with hot distilled water to remove all
the anions. The cake thus obtained was dried at temperature 110 °C for
24 h into an oven and calcined at 300 °C for 2 h. All the precursors were
calcined in three different ways; first following the traditional method
of calcinations in stagnant air at 300 °C just above the decomposition
temperatures of precursors for 2 h in a muffle furnace, second in-situ
calcinations in flowing air at a rate of 32.5 ml.min−1 in 300 °C for 2 h.
The nomenclature and calcinations strategy of catalysts was shown in
Table 1. Reactive calcinations of the precursors were carried out by the
introduction of low concentration of chemically reactive CO–Air mix-
ture (4.6% CO) at a total flow rate of 32.5 ml min−1 over the hot
precursors.

The temperature of bed was increased from room temperature to
160 °C where CO conversion has started. This temperature was main-
tained for a defined period of time and CO concentration was measured

Table 1
Calcinations strategy and nomenclature of the catalysts.

Catalyst name Calcinations strategy Nomenclature

CuMn8Ox Stagnant air calcinations CuMn8SA
CuMn8Ox doped Ce in fresh CuMn8CeFSA
CuMn8Ox doped Ce in Spent CuMn8CeSSA
CuMn8Ox Flowing air calcinations CuMn8FA
CuMn8Ox doped Ce in fresh CuMn8CeFFA
CuMn8Ox doped Ce in Spent CuMn8CeSFA
CuMn8Ox Reactive calcinations CuMn8RC
CuMn8Ox doped Ce in fresh CuMn8CeFRC
CuMn8Ox doped Ce in Spent CuMn8CeSRC
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in the existing stream of reactor at the regular intervals until 100% CO
conversion was achieved. After achieving total CO conversion the re-
sultant catalyst was annealed for half an hour at the same temperature
then the temperature was increased up to 300 °C and upheld for an hour
followed by cooling to room temperature in the same environment. The
nomenclature of resulting catalysts thus formed was given by the first
capital letter of corresponding precursors used and the suffixes ‘SA’, ‘FA’
and ‘RC’ denote whether there were obtained by calcinations in air,
flowing air or by RC, respectively, as presented in Table 1.

2.2. Characterization of catalysts

The Scanning electron micrographs (SEM) instrument produced the
high-resolution image of catalyst by an electron beam, and the image of
catalyst was recorded on a Zeiss EVO 18 (SEM) instrument. The mag-
nification images 5000X and accelerating voltage 15 kV was applied. It
provides information about the average aggregate size, crystalline de-
gree and microstructures of catalyst. The EDX is an energy dispersive X-
ray analyzer it provides information about the elemental identification
and quantitative composition analysis of various compounds present in
the catalyst. The X-ray diffraction (XRD) analysis of catalyst was con-
ceded out by using Rigaku D/MAX-2400 diffractometer with Cu-Kα
radiation at 40 kV and 40 mA. The mean crystallite size (d) of the
catalyst was calculated from the line broadening of most intense re-
flection by using the Scherrer Equation [53,54]. It is a fast analytical
technique, mainly applied for the measurement of phase identification,
crystal orientation, crystallite size, unit cell dimensions and crystal
defects, etc. The Fourier transforms infrared spectroscopy (FTIR) pro-
vides information about the kinds of materials present in catalyst by
their peak values. The measurement was done by the Shimadzu 8400
FTIR spectrometer in the range of 400–4000 cm−1. The Brunauer
Emmett Teller Analysis (BET) provides information about the specific
surface area, pore volume and pore size of the catalyst. The isotherm
was recorded by Micromeritics ASAP 2020 analyzer with the physical
adsorption of N2 at the temperature of liquid nitrogen (−196 °C) with
an average pressure range of 0.05–0.30 P/Po [55,56].

2.3. Catalytic activity measurement

The conversion of CO was carried out under the following reaction
conditions: 100 mg of catalyst was diluted to α-alumina with feed gas
consisting of a lean mixture of (2.5 vol.% CO in air) and total flow rate
was maintained at 60 mL/min. The air feed into the reactor was made
free from moisture and CO2 by passing through it CaO and KOH pellet
drying towers. The catalytic experiment was carried out under the
steady-state conditions and reaction temperature was raised from room
temperature to 300 °C with a heating rate of 2 °C/min. The schematic
diagram of experimental set up shown in Fig. 1.

To monitor the flow rate of CO and air passing through the catalyst
present in reactor was analysis by the digital gas flow meters. The CO
conversion was analysis by gas chromatogram to measure the activity
of resulting catalyst. Pure α–alumina spheres were used in the pre-
heating section and section after catalyst bed. Eq. (1) can be re-
presenting the air oxidation of CO over catalyst. For controlling the
heating temperature of catalyst present in a reactor was done by a
microprocessor-based temperature controller. The gaseous products
were produced after the oxidation reaction in a reactor was analysis by
an online gas chromatogram (Nucon series 5765) equipped with an FID
detector, porapack q-column and a methaniser for measuring the con-
centration of CO and CO2.

+2CO O CO2 2 (1)

Where the concentration of CO was proportional to the area of
chromatogram ACO. The overall concentration of CO in the inlet stream
was proportional to the area of CO2 chromatogram.

= =X C C C A A A( ) [( ) ( ) ]/[ ] [( ) ( ) ]/[ ]CO CO in CO out CO in CO in CO out CO in

(2)

The oxidation of CO at any instant was measured on the basis of
values of the concentration of CO (CCO)in in the feed and concentration
of CO2 (CCO)out in the product stream by the following Eq. (2). Where
the change in concentration of CO due to the oxidation at any instant
[(CCo)in − (CCo)out] was proportional to the area of chromatogram of
CO2 formed at that instant [(ACo)in − (ACo)out] and concentration of CO
in the inlet stream (CCo)in was proportional to the area of chromatogram
of CO2 formed (ACo)in by the oxidation of CO.

3. Catalyst characterization

Characterization of all catalysts prepared by reactive calcinations
conditions was done by the following techniques and their activity for
CO oxidation was discussed below.

3.1. Morphology analysis

The Scanning Electron Micrographs (SEM) instrument was applied
for the microstructure analysis of various catalysts synthesis in reactive
calcinations conditions. The difference in microstructure and mor-
phology of catalysts was showed in Fig. 2. The size range of all granular
particles was varied between (0.3 and 2.1 µm) calculated by “Image J
software” ” with varying degrees of agglomeration as mentioned in
Table 2. SEM analysis clearly shows that the difference in physical
microstructure of fresh and spent catalysts. In addition, smaller particle
sizes and good distribution of active phases present on the catalyst
surface, which causes a significant, increasing the effective surface area
of catalyst [57,58].

From SEM analysis observed that the homogeneity and shape of
CuMn8CeFRC catalyst particles. The addition of ceria into the CuMn8RC
catalyst highly affects their porosity, particle size as well as the mor-
phology of resulting catalyst. As shown in the SEM micrograph, the
particles were comprised grains of coarse, fine and finest sizes resulted
from using CuMn8RC, CuMn8CeSRC and CuMn8CeFRC catalysts, respec-
tively. The average particle size of CuMn8RC, CuMn8CeSRC and
CuMn8CeFRC catalysts were 1.985 µm, 0.396 µm and 0.345 µm, re-
spectively. The smaller size particles present in CuMn8CeFRC catalyst
has more efficient for CO oxidation on their surfaces, it results im-
proved their catalytic activity [59,60]. The doping of CuMnOx catalyst
by small amounts of Ceria was more efficient in improving the catalytic
performance for CO oxidation. In the CuMn8CeFRC and CuMn8CeSRC
catalyst, we have to take 2.5 wt.% Ce into the CuMn8RC catalyst.

The shape and homogeneity of particles have been changed with
changing of various compositions present on the catalysts. The particle
size in increasing order of the catalysts was as follows: CuMn8CeFRC <
CuMn8CeSRC < CuMn8RC. However, from the SEM image, few carbon
filaments with a larger diameter can be observed due to the agglom-
erated form in spent catalyst. It is also observed that after the catalytic
oxidation reaction, the size of CuMn8CeSRC catalyst was nearly same
and more homogenized with carbon formed during the reaction. SEM
image of spent catalyst in Fig. 2C represents that the fact that, the
catalyst retained in its morphology even after reuses. SEM micrograph
of spent catalyst has been shown that uniform size due to the adsorption
of CO on their surfaces. The ceria doping was evenly distributed in the
micrometer range over CuMn8RC catalyst surface regardless of the re-
action temperature and improving the catalytic performance for CO
oxidation. An amorphous phase was observed in the entire catalysts
sample after calcinations at 300 °C temperature. The synergetic effect of
catalysts depends upon the catalyst composition and nature of oxidized
compounds.
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3.2. Elemental analysis

In order to verify the atomic percentages of various elements pre-
sent in the catalysts was done by the Scanning Electron Microscopy
(SEM) with Energy Dispersive X-Ray analysis (SEM-EDX) techniques.
The elemental mapping was performed to determine the elemental
concentration distribution of catalyst granules by using Isis 300 soft-
ware as shown in Fig. 3. The result of SEM-EDX analysis has shown that
all catalyst samples were pure due to the presence of their relative
elemental peaks only. The doping materials associated with CuMnOx
catalyst promote the oxygen storage, release and improved oxygen
mobility. It was also apparent that the addition of ceria did not sig-
nificantly alter the textural properties of catalysts, but the surface area
was also increased. The relative atomic percentage and weight per-
centage of C, Cu, Mn, O and their relative doping materials species
present on the surface layer of catalyst were represented in Table 3. The
atomic percentage of Mn was also higher than C, Cu, Ce and O in all the
catalysts.

The molar ratio of all elements present in the catalysts analysis by
EDX was very close to the actual dosage of various elements present in
the catalyst. The molar ratio of Cu/Mn in all the catalyst samples was
approximately same as the actual dosage of Cu and Mn percentage

present in the precursors. The atomic percentage of oxygen present in
the catalyst was decreased in the following order: CuMn8CeSRC >
CuMn8CeFRC > CuMn8RC. The CuMn8CeFRC catalyst contained the least
amount of oxygen as compared to the other catalysts.

The abundant surface oxygen atoms of CuMn8CeRC catalyst can
react with absorbed CO thus lead to better catalytic activity in the
Mars–van Krevelen type mechanism (MvK) which was frequently sug-
gested for metal-oxides. The occurrence of oxygen deficiency in
CuMn8CeRC catalyst has shown that the presence of high density of
active sites. The carbon present in spent CuMn8CeSRC catalyst was
calculated from the image J software was found in between 0.5 and
1.5 µm. The atomic and weight percentage of carbon present in the
spent CuMn8CeSRC catalyst was 8.76% and 8.67%, respectively. It was

Fig. 1. Schematic diagram of experimental set up.

Fig. 2. SEM image of (A) CuMn8RC, (B) CuMn8CeFRC and (C) CuMn8CeSRC.

Table 2
Particle size of catalysts.

Catalyst Particle size (µm)

CuMn8RC 1.985
CuMn8CeFRC 0.345
CuMn8CeSRC 0.396
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also interesting that after reaction, the percentage of Cu, Mn, Ce and O
were get reduced and more homogenized with carbon formed. The
presence of small amount of oxygen in the surface layer of catalyst
causes the number of active sites present on catalyst surfaces has been
increased [61–63].

3.3. Phase identification and cell dimensions

The phase identification and cell dimensions of catalysts prepared in
reactive calcinations conditions were done by the X-ray powder dif-
fraction (XRD) technique and displayed in Fig. 4. It provides informa-
tion about the structure, phase, crystal orientation, lattice parameters,
crystallite size, strain and crystal defects etc. XRD pattern of the
CuMn8RC catalyst has shown that the diffraction peak at 2θ of 32.46
corresponds to its lattice plane (122), (121), (111), (110), (101), (133)
and (221) Face-centered cubic Cu1Mn8O2 (PDF-72-1036 JCPDS file).
The crystallite size of catalyst was 3.45 nm. In reactive calcinations,
prepared fresh CuMn8CeFRC catalyst has shown that the diffraction peak
at 2θ of 28.65 corresponds to its lattice plane (111), (101), (133), (122),
(110), (112), (211), (131), (011) and (121) of Cubic-centered
Cu0.5Mn4.2CeO4 (PDF-72-1224 JCPDS file). The crystallite size of cat-
alyst was 2.71 nm. The XRD pattern of CuMn8CeSRC catalyst has shown
that the diffraction peak at 2θ of 28.56 corresponds to its lattice plane
(101), (111), (112), (110), (011), (121), (133), (221), (131) and (122)
of Body-centered tetragonal Cu0.6Mn4.0CeO4 (PDF-62-04324 JCPDS
file). The crystallite size of catalyst was 2.54 nm. The broader peak in
CuMn8CeFRC catalyst has shown that the relatively amorphous nature of
catalyst and their structure, phase and crystallite size was also discussed
in Table 4.

The crystallite size of particles present in catalyst surfaces obtained
by RC conditions was as follows: CuMn8RC > CuMn8CeFRC >
CuMn8CeSRC. It was quite apparent that the crystallite size of
CuMn8CeSRC catalyst exhibited the smallest size (2.54 nm) in compar-
ison to CuMn8CeFRC (2.71 nm) and CuMn8RC (3.45 nm) catalysts. From
Table 4 and Fig. 4, confirmed that the particles present in CuMn8CeFRC
catalyst were more crystalline form and producing narrow size high-

intensity diffraction lines; as compared to other catalysts. The crystal-
lite size of particles present in catalyst was analysis by the XRD tech-
nique was matched with their particle size calculated by the SEM
characterization [64,65].

XRD analysis of spent catalyst has not found any single peak of CeO
phase, whereas all of the planes of CeO2 existed predominantly. The
absence of CeO phase indicates that the reduction of CeOx into Ce
during reaction or small concentration of it gets involved in carbon
filament formation. The large crystallite size suggests agglomeration
due to the in-situ thermal treatment process. In further experimental
results prove that the lower crystallite size of CuMn8CeFRC catalyst was
highly active for CO oxidation.

3.4. Identification of materials present in catalyst

The functional groups of elements are present in Ceria doped
CuMnOx catalysts were done by the Fourier transforms infrared spec-
troscopy (FTIR) analysis. The highlighted regions show that the various
types of chemical groups are present on the catalysts. The comparison
spectra of different catalysts synthesize by the co-precipitation method
followed by reactive calcinations conditions was shown in Fig. 5.

In the catalysts at transmittance conditions, there were total four
peaks obtained, the IR band (1380 cm−1) has shown that the presence
of MnO2 group, (3440 cm−1) show CuO group, (1640 cm−1) show
CeO2 group and (820 cm−1) show CO32- group. These bonds mainly
correspond to the vibration mode of tetrahedral bonded Cu2+ and
Mn2+ and octahedral coordinated Ce2+ ions in the CuMn8CeRC cata-
lysts. The other phase like CO32− was present as an impurities decrease
in the following order: CuMn8RC > CuMn8CeSRC > CuMn8CeFRC. The
FTIR analysis has shown that the CuMn8CeFRC catalyst has highest
purity as compared to other catalysts; therefore, get the best activity
results for CO oxidation. After characterization of spent CuMn8CeSRC
catalyst observe that the presence of (C+ CuMn8CeFRC) group in the
catalyst. After FTIR analysis confirm that the Cu, Mn and Ce present in
CuMn8CeFRC catalyst was in the form of CuO, MnO2 and CeO2, re-
spectively.

Fig. 3. SEM-EDX image of (A) CuMn8RC, (B) CuMn8CeFRC and (C) CuMn8CeSRC.

Table 3
The atomic and weight percentage of catalysts.

Catalyst Atomic percentage (%) Weight percentage (%)

C Cu Mn Ce O C Cu Mn Ce O

CuMn8RC – 13.15 81.29 – 5.56 – 13.23 81.14 – 5.63
CuMn8CeFRC – 12.45 80.56 2.45 4.54 – 12.38 80.48 2.48 4.66
CuMn8CeSRC 8.76 10.38 74.34 2.24 4.28 8.67 10.44 74.26 2.32 4.31
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3.5. Identification and quantification of elements

The elemental composition and surface valance state of catalysts
was characterized by XPS analysis. It was mainly used to recognize the
physical and chemical change of catalyst by exposure of gaseous mo-
lecules under different thermal conditions has been examined. The high
binding energy was preferably for CO oxidation. The XPS spectra in Cu

Fig. 4. XRD analysis of catalysts.

Table 4
XRD analysis of the catalysts.

Catalyst Structure Phase Crystallite size

CuMn8RC Face-centered cubic Cu1Mn8O2 3.45 nm
CuMn8CeFRC Cubic-centered Cu0.5Mn4.2CeO4 2.71 nm
CuMn8CeSRC Body-centered tetragonal Cu0.6Mn4.0CeO4 2.54 nm

Fig. 5. FTIR analysis of doped and undoped CuMnOx catalysts.
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(2p), Mn(2p), Ce(2p) and O(1 s) regions are shown in the figure. The
prominent peak of Cu(2p) level in CuMn8RC, CuMn8CeFRC and
CuMn8CeSRC catalysts were deconvoluted into three peaks centered as
shown in Fig. 6. The binding energy of Cu(2p) in CuMn8RC catalyst was
943.50 eV, 933.60 eV and 932.56 eV and highest binding energy peak
of Cu(2p) in CuMn8RC catalyst was obtained at 943.50 eV. In
CuMn8CeFRC catalyst Cu(2p) peak was 943.46 eV, 933.62 eV and
932.60 eV and highest binding energy peak was obtained at 943.46 eV.
The binding energy peak of Cu(2p) in CuMn8CeFRC and CuMn8CeSRC
catalyst was almost same. By performing peak fitting deconvolution of
main Cu(2p) in all the calcinations catalyst was obtained at Cu(II) oxide
form. From Table 5 and Fig. 6 confirm that the binding energy peak of
Cu(2p) in CuMn8CeFRC and CuMn8CeSRC catalyst was highest as com-
parison to CuMn8RC catalyst. By performing peak fitting deconvolution
of prominent peak of Mn(2p) level in all catalysts was deconvoluted
into double peaks centered as shown in Fig. 6. There were two main
components including Mn2+ and Mn3+present in all the catalysts and
difference between the binding energy values were small. The binding
energy of Mn(2p) in CuMn8RC, CuMn8CeFRC and CuMn8CeSRC catalysts
were (642.36 eV, 644.60 eV and 653.56 eV), (642.40 eV, 644.76 eV and
653.64 eV) and (642.44 eV, 644.68 eV and 653.60 eV), respectively,
and associated with the presence of Mn2+ and Mn3+in all the catalysts.
The highest binding energy peak of Mn(2p) in CuMn8RC, CuMn8CeFRC
and CuMn8CeSRC catalysts were 653.56 eV, 653.64 eV and 653.60 eV,
respectively. The peak fitting deconvolution of Mn(2p) exist in all
catalysts was MnO2 form. The prominent peak of Ce(3d) level in
CuMn8CeFRC and CuMn8CeSRC catalysts were deconvoluted into six
peaks centered as shown in Fig. 7. The highest binding energy peak of

Mn(2p) in CuMn8RC, CuMn8CeFRC and CuMn8CeSRC catalysts were
653.56 eV, 653.64 eV and 653.60 eV, respectively. The peak fitting
deconvolution of Mn(2p) in all catalysts was MnO2 form.

The prominent peak of Ce(3d) level in CuMn8CeFRC and
CuMn8CeSRC catalyst was deconvoluted into six peaks centered as
shown in Fig. 7. The binding energy peak of Ce(3d) in CuMn8CeFRC
catalyst was 916.45 eV, 908.60 eV, 902.40 eV, 885.40 eV, 890.60 eV
and 883.60 eV and CuMn8 CeSRC catalyst was 916.30 eV, 908.54 eV,
902.36 eV, 885.32 eV, 890.46 eV and 883.56 eV. The highest binding
energy peak of CuMn8CeFRC and CuMn8CeSRC catalysts were 916.45 eV
and 916.30 eV, respectively. The absolute distinctions between Ce3+

and Ce4+ could not be resolved due to the complex electronic structure.
The presence of Ce3+ was assigned to the generation of oxygen vacancy
according to the charge compensation. The surface relative Ce3+/Ce4+

molar ratio was calculated from the normalized peak areas of Ce4+ and
Ce3+ core level spectra. This result was also in good agreement with the
fact that Ce3+ has a larger effective ionic radius than that of Ce4+, thus
the increase of Ce3+ would result in an expansion of CeO2 lattice. In the
present study, the oxygen with binding energy of 531.46 eV and
532.16 eV was main form and could be assigned to the chemisorbed
oxygen (Oa). One of noticeable fact was that the amount of oxygen
presents less in reactive calcined prepared CuMn8CeFRC catalyst as
compared to the CuMn8RC and CuMn8CeSRC catalysts, due to the ab-
sence of lattice oxygen which can creates oxygen vacancies for CO
oxidation. Thus, it was well known that the defects/dislocations were
improved the active sites for CO oxidation reaction.

The increasing ratio of Oads/(Oads+Olat) was desirable for produ-
cing highly active catalysts and ratio of all catalysts was as follows:
CuMn8CeFRC > CuMn8CeSRC > CuMn8RC. The XPS data suggested that
all catalysts were pure and there will be no impurities were present in
the catalyst. Finally observed that the high binding energy peak of Cu
(2p), Mn(2p), Ce(3d) and O(1 s) present in the CuMn8Ce catalyst was
much better for fresh catalyst as compared to the spent catalyst. For
relatively lower Ce loading, small agglomerates of (more or less doped)
ceria nanoparticles of very small size highly dispersed over the
CuMn8RC catalyst support and interfacial sites of support constitute
relatively minor portion of surface exposed centers of this component.
The Cu+ cations have been proposed to appear in the CuMn8RC catalyst
as a consequence of redox equilibrium between Cu2+/Cu+ and Mn3+/

Fig. 6. XPS spectra of Cu(2p) and Mn(2p) in all catalysts.

Table 5
Binding energy and chemical state of catalysts.

Sample Elements
Cu Mn Ce O

CuMn8RC Cu(II) Oxide
943.50eV

MnO2
653.56eV

— C-O 532.16 eV

CuMn8CeFRC Cu(II) Oxide
943.46eV

MnO2
653.64eV

CeO2
916.45eV

C-O 531.56 eV

CuMn8CeSRC Cu(II) Oxide
943.46eV

MnO2
653.60eV

CeO2
916.30eV

C-O 532.04 eV
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Mn4+ in an amount which depends on the temperature of thermal
treatment employed for its preparation.

However, the gradual decrease observed in Cu+ contribution upon
increasing the Ce loading was not accompanied by simultaneous de-
crease of Mn4+ component. The XPS results showed that the Cu+ de-
crease could be related to the interaction of support with Ce, which
could favor for transfer of electrons from Cu+ sites to the Ce nano-
particles [45–46].

3.6. Surface area measurement of catalyst

The surface areas of Ceria doped CuMnOx catalysts were

synthesized into the laboratory by co-precipitation method followed by
reactive calcinations conditions was analysis by the BET technique. The
isotherm curves of different catalysts showing that the hysteresis loops
of which desorption branch joined the adsorption curve with relative

Fig. 7. XPS spectra of Ce(3d) and O(1 s) in all catalysts.

Fig. 8. Textural properties (A) N2 adsorption-desorption isotherms and (B) Pore size distributions.

Table 6
Textural property of catalysts.

Catalyst Surface Area (m2/g) Pore Volume(cm3/g) Ave. Pore Size (Å)

CuMn8RC 86.28 0.534 63.2
CuMn8CeSRC 113.36 0.542 54.2
CuMn8CeFRC 124.38 0.624 48.6
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pressure 0.7 were displayed in Fig. 8 and Table 6. The catalyst samples
exhibited a hysteresis loop, which indicated that the pores were ex-
hibiting geometries of mesopores. The mesopores geometries of syn-
thesized catalysts exhibited H1 hysteresis loops. The pore size dis-
tributions (PSDs) as measured by the Barrett–Joyner–Halendar (BJH)
method from the desorption branch of nitrogen isotherms [47]. The
presence of hysteresis loop at a relative pressure (P/P0) of 0.8–1.0 in-
dicates that the porosity arising from non-crystalline intra-aggregate
voids and spaces formed by the inter-particle contacts. Fig. 8(A) shows
that the N2 adsorption-desorption isotherms and pore size distributions
of CuMn8RC, CuMn8CeFRC and CuMn8CeSRC catalysts, respectively. The
surface area of CuMn8RC, CuMn8CeFRC and CuMn8CeSRC catalysts were
86.28, 124.38 and 113.36 m2/g, respectively. The specific surface area
and total pore volume were two major factors which can affects the
catalytic activity for CO oxidation. The isotherm gave useful informa-
tion on the mesopores structure through its hysteresis loop. The surface
area and pore volume of catalyts are also represents in Table 6.

The order of surface area of catalysts was as follows: CuMn8CeFRC >
CuMn8CeSRC > CuMn8RC. The surface area, pore volume and pore size
of CuMn8CeFRC catalyst were very much superior to the CuMn8CeSRC
and CuMn8RC catalysts. A large number of more pores present in
CuMn8CeFRC catalyst have a huge number of CO molecules chemisorbed
on the catalyst surfaces, therefore shows that the better catalytic ac-
tivity. The specific surface area was measured by BET analysis and also
followed by the SEM and XRD results.

On the basis of gaseous products formed during the reaction, the
most probable reaction to produce carbon can be considered either
conversion of CO into CO2. During the reaction between catalyst and
CO, the number of pores present in catalyst surfaces was blocked
therefore the surface area of spent catalyst was decreases. The textural
property obtained for spent catalysts shows a strong change in the
number of active sites. The differences between weight losses obtained
for fresh and spent catalyst was observed at high temperature. From the
characterization results observed that the textural property like surface
area, morphology, binding energy, pore volume, pore size, chemical
state of spent catalyst was slightly decreasing than the fresh catalyst
[66,67].

3.7. Particle size and morphology analysis

TEM investigations were carried out to recognize the particle size
and morphology of prepared catalyst samples. Selected area electron
diffraction (SAED) patterns (insets) represents that the CuMn8RC and
CuMn8CeRC catalysts were amorphous in nature due to the lack of
diffraction rings or spot patterns, in agreement with the XRD result. The
TEM analysis also confirms that presence of catalytic active sites as

CuMn8CeSRC spent catalyst. For comparison, TEM image of spent
CuMn8CeSRC and fresh CuMn8CeFRC catalysts at 100 nm was shown in
Fig. 9. The fresh catalyst showed a multilayer (3–4) staking of
CuMn8CeFRC with an average length of 12.2 nm, while multilayer of
CuMn8CeSRC stacking was not seen for spent catalyst as well as the
length of layer was about 3.12 nm, which were agglomerated carbon
deposition on the catalyst surface or remain as a single crystal (Single
slab). The spent catalyst showed relatively stumpy CuMn8CeSRC
stacking, which indicated that the deposited species deform the
CuMn8CeRC stacking or catalytic active sites. The TEM images were
shown in Fig. 9 represents that the grain size of CuMn8RC was 15 nm.
The block units for each catalyst were nanoparticles of 5–15 nm in size
and some hierarchical microstructures including spheres, spindles and
dumbbells were formed [67–70].

As the Mn ions were smaller than the Ce ions, the replacement of Mn
ions at the Ce sites will shrink the lattice and detected by the TEM
image. The Ce has a cubic fluorite-type structure and lattice parameter
of pristine Ce was around 0.534 nm. The manganese species in the
mixed oxides showed a spectrum of MnO2 and different from that of
CeO2, indicating that the majority of manganese oxides present in the
form of MnO2, regardless as highly dispersed clusters in the fresh cat-
alyst and sintered crystallites in the aged catalyst. Ceria has also in-
fluenced the oxidation states of manganese. Compared with the dom-
inating MnO2 state in pure manganese oxide by the same synthesis, the
manganese in ceria lattice presents mainly in the Mn3+ states and ex-
hibited a facile redox behavior [71,72]. A clean surface of CuMn8CeFRC
catalyst exposed by a mixture of CO and air quickly becomes covered
with CO since CO requires a single vacant adsorption site in the spent
CuMn8CeSRC catalyst. Catalyst sintering was significant as a major dif-
ference in CuMn8CeRC crystallite size was also observed in the TEM
images of fresh and spent catalysts, indicating that the catalyst deac-
tivation occurred mainly due to the deposition of carbonaceous species.

Moreover, amorphous carbon was found in the TEM micrograms of
deposited carbon on the CuMn8CeRC catalyst's surface. The TEM image
provides insight into the microstructure details of nano-particles of all
catalysts. The average particle diameter of fresh CuMn8CeFRC catalyst
was 4–7.5 nm and spent CuMn8CeSRC catalyst was found to be
3–4.5 nm. In Fig. 10(C), the carbon filaments were bonded to the Cu-
Mn-Ce particles at the top with the unblocked surface, their formation
not necessarily causes catalyst deactivation. However, ceria crystallites
on the top of filamentous carbon lose their contact with the Cu-Mn
particle, so that the course of catalytic reaction can be changed. The
loss of activity in CuMn8CeRC catalyst was mainly caused by the kind of
carbon which encapsulates catalyst surface after the CO oxidation re-
action [73–75].

Fig. 9. TEM image of (A) CuMn8RC, (B) CuMn8CeFRC and (C) CuMn8CeSRC catalyst.
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4. Catalyst performance and activity measurement

Activity measurement of catalyst was carried out to evaluate the
efficiency of resulting catalysts as a function of temperature. It was
measured in different calcination conditions like stagnant air, flowing
air and reactive calcination conditions. The activity was increased with
the increase of temperature from room temperature ~25 °C to a certain
high temperature for full conversion of CO. The light-off characteristics
were used to evaluate the activity of resulting catalysts with the in-
creasing of temperature. The characteristic temperature T10, T50 and
T100 corresponds to the initiation of oxidation, 50% conversion and full
conversion of CO, respectively.

4.1. Blank experiment

A blank experiment was carried out with Al2O3 only in the place of
catalyst. The bed temperature was increased up to 300 °C, practically no
oxidation of CO has been observed under the experimental conditions.
The blank test shows that the performance of reactor in the absence of
catalyst for CO oxidation with the increasing of temperature does not
show any activity for CO oxidation. Thus, the catalytic effect of reactor
wall and alumina use as diluents can be neglected within the experi-
mental conditions.

4.2. Activity measurements of catalysts at traditional calcination conditions

An activity measurement of catalysts was done into the laboratory
at stagnant air calcinations (SAC) conditions for CO oxidation purposes.
The stagnant air calcinations of different precursors were done in
muffle furnace at the presence of stagnant air. A combination of factors
including preparation conditions, calcinations strategy and various
elements presence on the catalyst surfaces was highly influenced on the
catalytic activity. The oxidation of CO was initiated in SAC at 35 °C over
CuMn8CeFSA catalyst, which was lower by 35 °C over than that of
CuMn8SA catalyst and half conversion of CO over CuMn8CeFSA catalyst
was 80 °C, which was less by 40 °C over than that of CuMn8SA catalyst.
The complete conversion of CO was achieved at135 °C over
CuMn8CeFSA, which was lowered by 20 °C, over than that of CuMn8SA
catalyst.

In the initial conditions, a very slow exothermic reaction for CO
oxidation was going on over the catalyst, it causes rising in the local
temperature as discussed in Table 7 and Fig. 11. In flowing air calci-
nation conditions the oxidation of CO was initiated at 25 °C over
CuMn8CeFFA catalyst, which was lower by 5 °C over than that of
CuMn8FA catalyst and half conversion of CO over CuMn8CeFFA catalyst
was 50 °C, which was lower by 20 °C over than that of CuMn8FA

catalyst. The complete conversion of CO was achieved at 95 °C over
CuMn8CeFFA, which was lower by 25 °C, over than that of CuMn8FA
catalyst. An activity of catalysts seems to be dominated both by their
average oxidation numbers and presence of different species in the
catalyst surfaces [48]. An activity of catalyst prepared in FAC was
shown in Fig. 11(B) and Table 7.

An activity order of catalysts for CO oxidation was as follows:
CuMn8Ce > CuMn8. After the activity test observed that the CuMn8Ce
catalyst has a higher catalytic activity for CO oxidation at a lower
temperature. As compared to stagnant air calcinations, the flowing air
produced more active catalysts for CO oxidation at a low temperature.
The order of activity for various calcinations conditions was as follows:
FAC > SAC. The activity order of each catalyst for complete oxidation
of CO was in accordance with their characterization [49,50].

4.3. Synthesis of catalysts by reactive calcination conditions

The reactive calcination process minimized a process step by con-
verting two steps processes into single step process in a reactive CO-air
mixture at a 300 °C temperature. The oxidation of CO was initiated in
reactive calcinations conditions at 25 °C over CuMn8CeFRC, which was
lowered by 3 °C over than that of CuMn8RC catalyst and half conversion
of CO over the CuMn8CeFRC catalyst was 45 °C which was lower by 5 °C
over than that of CuMn8RC catalyst. The complete conversion of CO was
achieved at 65 °C over CuMn8CeFRC catalyst, which was lower by 20 °C
over CuMn8RC catalyst, respectively. The CuMn8CeFRC catalyst has
shown that the best catalytic activity towards CO oxidation at a low
temperature as shown in Table 8 and Fig. 12.

An activity order of catalysts synthesized in RC conditions for CO
oxidation was as follows: CuMn8CeFRC > CuMn8RC. The order of ac-
tivity for various calcinations conditions was as follows: RC > FAC >
SAC. The CuMn8CeFRC catalyst has shown that the best performance for
CO oxidation at a low temperature and these systems were now worthy
for further investigation.

The decrease in catalytic activity was highly reversible and appears

Fig. 10. Particle size of (A) CuMn8RC, (B) CuMn8CeFRC and (C) CuMn8CeSRC catalyst.

Table 7
Light-off characteristics of catalysts obtained by stagnant air and flowing air
calcinations conditions.

Characteristics Temp. Stagnant air Flowing air
CuMn8SA CuMn8CeFSA CuMn8FA CuMn8CeFFA

T10 (°C) 70 35 30 25
T50 (°C) 120 80 70 50
T100 (°C) 155 135 120 95
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to be primarily due to the physical blocking of catalyst surface and
prevention adsorption of CO and/or O2 under the reaction conditions.
The presence of uniform pore size distribution over CuMn8CeFRC cata-
lyst was key factor in improving their catalytic performance [51,52].

4.4. Comparison of reactive calcinations with traditional calcinations

The RC route was the most appropriated calcinations strategy for
production of highly active CuMn8CeF catalyst for CO oxidation. A
comparative study of CO oxidation over (CuMn8 CeFSA, CuMn8CeFFA
and CuMn8CeFRC) catalysts produced under the various calcinations
conditions of stagnant air, flowing air and reactive calcinations condi-
tion have shown in Fig. 13 and discussed in Table 9. The calcinations
strategies have a drastic effect on the activity of resulting catalyst. The
oxidation of CO was initiated in reactive calcinations conditions at
25 °C over CuMn8CeFRC catalyst, which was lowered by 3 °C and 5 °C

Fig. 11. Activity test of catalysts in (A) Stagnant air and (B) Flowing air calcinations.

Table 8
Light-off characteristics of catalysts in RC.

Catalyst T10 T50 T100

CuMn8RC 28 ºC 50 ºC 85 ºC
CuMn8CeFRC 25 ºC 45 ºC 65 ºC

Fig. 12. Conversion of CO over various catalysts at reactive calcinations conditions.
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over than that of CuMn8CeFFA and CuMn8CeFSA catalyst, respectively,
and half conversion of CO over the CuMn8CeFRC catalyst was 45 °C,
which was lower by 5 °C and 15 °C over than that of CuMn8CeFFA and
CuMn8CeFSA catalyst, respectively. The complete conversion of CO has
occurred at 65ºC over CuMn8CeFRC catalyst, which was lower by 30 °C
and 55 °C over than that of CuMn8CeFFA and CuMn8CeFSA catalysts,
respectively.

The activity order for CO oxidation in the decreasing sequence was
in accordance with their characterization by SEM-EDX, BET, XRD, XPS
and FTIR as follows: CuMn8CeFRC > CuMn8CeFFA > CuMn8CeFSA. The
improved catalytic activity of RC can be described to the unique
structural and textural characteristics such as the smallest crystallites of
CuMn8CeFRC catalyst [51].

The highest activity of CuMn8CeFRC catalyst was associated with the
formation of smallest crystallites authenticated by XRD observation.
The highly dispersed and specific surface area could expose more active
sites for catalytic oxidation and relatively open-textured pores which
will favor for the adsorption of reactants and desorption of products and
thus facilitate the oxidation process. The presence of partially reduced
phase provides an oxygen deficient defective structure which can cre-
ates high density of active sites as a result of reactive calcinations,
consequently CuMn8CeFRC turns into the most active catalyst.

4.5. Optimization of ceria doping in CuMn8RC catalyst

The catalytic activity of Ce doped CuMn8RC catalyst was also de-
pends upon the ceria loading (wt.%). The overall activity for CO oxi-
dation was increased as the Ceria loading percentage increase from 1 to

2.5 wt%, then slightly decrease with a further increase in loading up to
3wt%. The activity test of doped and un-doped Ceria loading CuMn8RC
catalysts was performed at 65 °C temperature as shown in Fig. 14 and
described in Table 10. The trend of activity over catalysts was in ac-
cordance with XRD, BET, TEM and SEM results emphasizing that the
smaller crystallite size, as well as particle size, higher surface area and
easy reducibility, produce an efficient catalyst for CO oxidation. The
conversion of CO at fixed temperature 65 °C over CuMn8RC, 0.5%Ce-
CuMn8OxFRC, 1.0%CeCuMn8OxFRC, 1.5%CeCuMn8OxFRC, 2.0%Ce-
CuMn8OxFRC, 2.5%CeCuMn8OxFRC and 3.0%CeCuMn8OxFRC was
61.54%, 72.30%, 85.75%, 92.45%, 98.75%, 100% and 99.35%, re-
spectively. The optimization of ceria loading in CuMnOx catalysts as
described in Table 10.

The modification of CuMn8RC with ceria caused the incorporation of
ceria ions into the CuMn8RC catalysts lattice leading to the expansion of
cell volume and inhibition of crystallites growth corresponding to in-
crease of the specific surface area of CeCuMn8OxFRC catalysts. The su-
perior CO oxidation catalytic activity over CeCuMn8OxFRC catalyst in
the air was attributed to the excess amount of oxygen vacancies which
promote the surface oxygen chemisorptions. The doping of Ce3+/4+,
which has a similar radius as Mn2+ but different valence, can cause
lattice defect, thus improve the O2 storage capacity and increases the
catalytic activity. In the initial conditions, a reduced Ce captures
oxygen from gas-phase molecules and oxidizes by electron transfer from
Ce3+ surface to adsorbed oxygen. Then, the oxygen of oxidized Ce was
transferred into an active site on the catalyst surface therefore the Ce
was get reduced. The addition of smaller amount of Ce into the
CuMnOx catalyst increases their strength and interface between Ce
species and Cu-Mn species, thus leading to increase of the binding en-
ergy.

The order of activity of different types of catalysts for CO oxidation
was as follows: 2.5%CeCu Mn8OxFRC>3.0%CeCuMn8OxFRC
>2.0%CeCuMn8OxFRC>1.5%CeCuMn8OxFRC>1.0%CeCuMn8OxFRC
>0.5%CeCuMn8OxFRC>CuMn8RC. After the activity test confirm that
the 2.5%CeCuMn8OxFRC catalyst has higher catalytic activity for CO
oxidation as compared to other catalysts. The products with different

Fig. 13. Activity test of CuMn8CeF catalysts under various calcinations conditions.

Table 9
Light-off characteristics of CuMn8CeF catalysts.

Catalyst T10 T50 T100

CuMn8CeFRC 25 ºC 45 ºC 65 ºC
CuMn8CeFFA 28 ºC 50 ºC 95 ºC
CuMn8CeFSA 30 ºC 60 ºC 120 ºC
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ceria doping were evaluated for their catalytic activity towards CO
oxidation reaction. Compared with traditional CuMn8RC catalyst, the
Ce-doped CuMn8OxRC have better catalytic activity towards CO oxi-
dation at a low temperature. This defective surface is supposed to
provide enriched nucleation sites for the growth and improved dis-
persion of loaded metal. The morphology and structures of
CeCuMn8OxFRC catalysts products change as the doping amount from
0.5 to 3 wt.% increases and so does the catalytic performance. The ceria
was doped into the CuMn8OxF lattice successfully. The
2.5%CeCuMn8OxFRC catalyst has best catalytic performance among the
series of products as most oxygen vacancies and large surface area. The
role of different Ce species has also been studied, and Ce3+ as an active
species was found to increase the catalytic activity at low temperatures.
The addition of 2.5%Ce into the CuMnOx catalyst leads to an increase
in the surface area and also increases the number of active sites present
on the catalyst surface and further addition of ceria promoters in
CuMnOx catalysts beyond 2.5 wt.% loading the activity of catalysts was
made constant. These properties can be achieved by controlling the
size, shape, particle size distribution, composition and electronic
structure of surface, thermal and chemical stability of specific nano-
components [76–78].

The CuMnOx catalyst has higher oxygen storage capacity, faster
oxygen adsorption and oxide reduction rates than the present com-
mercial ceria-stabilized alumina support. Based on the experimental
result, it was found that the addition of ceria lowers the band gap of

catalyst. In this case, the band gap was lowered and also excited elec-
trons had potential high enough to oxidized CO [79,80]]. In the Ce
doped CuMnOx catalyst presence of mixed oxides of Ce2O3 and CeO2
are most enriched Ce3+ and Ce4+ has smallest size among all the ca-
tions present on surface [23–25,81]. The modification of ceria by
doping in CuMnOx catalysts applied several benefits on the catalytic
features of ceria such as improvement in the thermal stability, im-
proved surface reducibility, high oxygen mobility, which contributes to
the effective CO oxidation. The high lattice ion mobility and possibility
of readily switching between Ce3+ and Ce4+, together with the high
oxidizing power of Ce4+ cation, ceria always represents special cata-
lytic properties. The Ce3+ has a larger effective ionic radius than that of
Ce4+, thus the increase of Ce3+ would result in an expansion of CeO2
lattice. In the initial conditions, a reduced Ce captures oxygen from the
gas-phase molecules and oxidizes by electron transfer from the Ce3+

surface to the adsorbed oxygen in the ceria promoted CuMnOx cata-
lysts. Then, the oxygen of oxidized Ce was transferred to an active site
on the catalyst surface; therefore, the Ce was getting reduced. The
structure and adsorption mechanisms of all sites on ceria promoted
catalysts are active for CO chemisorptions [82–85]. Ceria particles
preferentially expose stable (111) planes and reducing the particle size
of ceria to nano-dimensions, contributions from the less stable (110)
and (100) terminations. The CeO2 (111) has an open structure with O in
the top layer followed by present in Ce layer, whereas, on the (110)
surface, both Ce and O atoms are in the top layer. The ceria promoted
CuMnOx catalysts with low index surface planes and easy defect for-
mation is desirable for catalytic applications. The surface defects such
as a vacancy cluster, pits and high degree of surface roughness re-
present improved reactivity for CO oxidation [86–88]. The presence of
bimodal particle size distribution, with smaller particles showing a
lattice constant that is larger than bulk CeO2. The lattice expansion can
be caused by the presence of Ce3+ ions in this ionic lattice. The in-
creased activity for CO oxidation could be attributed to the weakening
of Ce-O bond and increased oxygen mobility. The ionic species in in-
timate contact with ceria lattice would act as a modifier of the ceria
properties [89–91].

Fig. 14. Optimization wt.% Ce in CuMn8RC catalyst.

Table 10
Optimization of wt.% Ce in CuMn8RC catalyst.

Catalyst CO Conversion (%)

CuMn8RC 61.54%
0.5%CeCuMn8OxFRC 72.30%
1.0%CeCuMn8OxFRC 85.75%
1.5%CeCuMn8OxFRC 92.45%
2.0%CeCuMn8OxFRC 98.75%
2.5%CeCuMn8OxFRC 100%
3.0%CeCuMn8OxFRC 99.35%
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4.6. Stability test

The stability test of 2.5%CeCuMn8OxFRC catalyst was conducted at
65 °C for the oxidation of CO in a continuous running for 48 h under the
earliest mentioned experimental conditions. The results represent that
practically no deactivation of 2.5%CeCuMn8OxFRC catalyst has oc-
curred in the experiments. The amazing performance of
2.5%CeCuMn8OxFRC catalyst produced by RC for CO oxidation was
associated with the modification in intrinsic textural, morphological
characteristics such as crystallite size, surface area and particle size of
catalyst. The performance of this catalyst was judge by their activity,
selectivity and stability. The catalytic behavior of Cu-Mn oxides cata-
lysts that were suffering from a rapid deactivation by moisture in the
oxidation of CO. The dynamics of catalyst surface during the reaction
were essential to an understanding of the deactivation mechanism of
Ce-based CuMn8OxF catalysts, as well as the role of Ce in stabilizing the
2.5%CeCuMn8OxFRC catalyst. The deactivation was formation of in-
active oxidized surface Cu-Mn species under reaction conditions. The
addition of smaller amount of Ce improves the stability of metallic Cu-
Mn surface against oxidation, leading to significantly improved stability
of 2.5%CeCuMn8OxFRC catalyst.

4.7. Mechanism of CO oxidation over ceria promoted CuMnOx catalyst

The efficiency of ceria promoted CuMnOx catalysts for reactions
with stable CO molecules is strongly depending upon the chemisorp-
tions process. The chemisorptions of reacting gases is an important step,
which increases the concentration of reactant on the catalyst surfaces, it
inducing the adsorbed CO molecules processing on high energy to get
easy the chemical reactions. The reaction mechanism of CO oxidation
over ceria promoted CuMnOx catalyst shows that the most accepted CO
oxidation reaction on a catalyst surface that involves O2 adsorption to
form O2* precursors, which split on a vicinal vacancy. The mechanism
of reaction and rate expression much depends on the types of catalysts
was used on their structure and surface properties [31–34]. The power-
law and reaction rate law models frequently found to be sufficient en-
ough for preface studies. The CO oxidation on the Cu-Mn-CeO2 catalyst
follows by a Mars-van Krevelen mechanism, in which the oxygen va-
cancies can be replenished by pretty active lattice oxygen. The suc-
cessful collisions of CO molecules produce have enough energy and this
energy also known as activation energy (Ea). The speed of CO mole-
cules collision with the increasing of temperature produces more en-
ergy and this energy enough to reach the Ea, it causes increases in the
overall reaction rate [35–38]. With the help of Arrhenius' equation, we
have to calculate the minimum amount of activation energy (Ea) at an
absolute temperature (T) required to complete oxidation of CO. The
activation energy was obtained after kinetics study of 2.5%Ce-
CuMn8OxFRC catalyst as a function of temperature 65 °C was 46KJ/
g.mol, which was least as compared to the activation energy of CuM-
n8OxRC = 55 KJ/g.mol catalyst. The reaction order of all catalysts was
found to be first order. The kinetics data were collected under condition
of free heat and mass transfer limitations. In ceria promoted CuMnOx
catalysts, the lattice oxygen in first few surface layers of ceria is
transferred onto CO and gaseous O2 fills up the vacancies created on
oxide [40–42]. The oxygen exchange with lattice oxygen in CeO2, then
the high CO oxidation activity could be observed to the increased
participation of lattice oxygen. The interface between Cu-Mn and ceria
acts as an active oxygen to generate active oxygen species, which may
further react with CO and thus catalyze the reaction. The crystal size of
CeO2 grows rapidly at the higher temperatures, while the size of doped
ceria grows much milder in constant at wide range temperatures. The
molecular oxygen adsorbs at these vacancies and forms O species then
catalyze the oxidation of CO closing the catalytic cycle and recovering
the stoichiometric MxCe1−xO2 system [43–45].

5. Conclusion

The structure and catalytic properties of Ce-doped CuMn8Ox cata-
lysts were closely related to the Ce content. Doping with 2.5% (molar
percentage) Ce significantly improved the catalytic property, and made
Cu and Mn components uniformly distribute in the catalyst. The cata-
lyst exhibited a synergistic effect in increasing the surface of Cu-Mn
dispersion, consequently, it showed higher catalytic activity in lower
temperatures. Physical characterizations of catalysts represents that the
beneficial effect of Ce dopant on CuMn8OxF can be linked to the good
intimate contact of dopants with the catalyst have a high surface area
and small particle size. The activity order of catalysts for CO oxidation
was as follows: 2.5%CeCuMn8OxF > CuMn8OxF. The calcinations order
with respect to the performance of catalysts for CO oxidation was as
follows: reactive calcination> flowing air> stagnant air. The perfor-
mance of catalysts was in accordance with their characterization. As a
catalyst with lower cost and better catalytic efficiency, the ceria doped
CuMn8Ox has potential applications for CO oxidation. Spent
2.5%CeCuMn8Ox catalyst was a very important secondary resource for
metal recovery and low-temperature CO oxidation. This paper study of
Spent 2.5%CeCuMn8Ox catalyst by their characterization value and
compared with fresh catalyst characterization. If the spent
2.5%CeCuMn8Ox catalysts can be regenerated and activated effectively,
they can be reused with higher values and economic efficiency.
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