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Abstract. The present review devoted to the complete oxidation of CO using alkali- and alkaline-earth metal
(AM/AEM)-modified ceria supported/mixed with noble metal and non-noble metal (NM). The AM/AEM-modified Ce
supported/mixed with noble metal showed comparable CO oxidation with unmodified catalyst. However, AM/AEMmodified NM showed higher CO oxidation at lower temperature compared to the unmodified catalyst. The AM and AEM
modifications were responsible for the formation of oxygen vacancies in Ce, which leads to the decrease in the CO and O2
activation barrier. The dissociative oxygen adsorption on AM/AEM-modified Ce-supported/mixed with NM favours the
CO oxidation at a lower temperature. However, AM/AEM-modified Ce-supported/mixed with noble metal showed CO
adsorption with formation of superoxy and peroxy species, which leads to the comparable oxidation activity. The
plausible mechanism for CO oxidation is explained in detail with correlation to the characterizations.
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Introduction

The expeditious growing society and rapid industrialization
are responsible for the number of pollutants released into
the atmosphere. Major pollutants include greenhouse gases,
organic and inorganic compounds, volatile organic compounds and carbon monoxide (CO). These pollutants
contribute in the adverse variations of the atmosphere and
are mainly due to the incomplete combustion of fossil fuel.
The major primary source of pollutants is vehicle transport
and industrial exhaust [1,2]. CO is the most toxic gas
released into the atmosphere by incomplete combustion of
carbonaceous materials [3]. Hence, major efforts have been
taken to inhibit the emission of pollutants. There are variety
of methods reported for emission control of CO, such as
adsorption, absorption, thermal combustion, condensation,
catalytic oxidation, etc. Among them, catalytic oxidation is
the simple and affordable method for CO oxidation [4–6].
Researchers have used various noble metal and non-noble
metal (NM) catalysts for CO oxidation. Noble metals like
Au, Pd, Pt and Rh show good activity for CO oxidation
[7–11]. Inspite of having the good catalytic activity of noble
metal catalysts, their practical and environmental applications are restricted due to limited sources, high price and
poisoning [12]. However, various mixed oxide catalysts like
hydrotalcites, spinel oxides, perovskites, transition metal
oxides and supported NM catalysts, etc. have been used for
CO oxidation [13–19]. Furthermore, the three-way catalytic

convertor (TWC) operated at higher temperature ([297°C)
restricts the oxidation of CO and other pollutants throughout the cold start time. Therefore, the preparation of costeffective and low temperature oxidation catalyst is the
recent target in the automotive industry [20]. Ceria with
metal/metal oxide could be an alternative to overcome these
drawbacks. Ceria-supported catalyst are used with noble
metals like Pt and Pd, which show the higher activity for
CO oxidation. The Ce showed facile redox properties and
oxygen storage capacity (OSC). Therefore, Ce showed
superior catalytic performance compared to the other metal
oxides [21–24]. OSC of Ce assures the constituents of gases
during air/fuel back and forth motion by releasing and
storing oxygen under fuel-lean and rich conditions,
respectively [25]. Maximum OSC of Ce was responsible for
maintaining the availability of oxygen during fuel-lean and
rich conditions. However, Ce alone is not effective for CO
oxidation. Therefore, modification of Ce could be done by
adding noble metal and/or NM. The formation of nanorod
of ceria due to the interaction with NM increases the low
temperature CO oxidation [26]. The modification can be
done by changing the lattice structure and deposition of
metal. The loading of metals on the Ce surface provides the
active sites between metal and Ce interface for CO oxidation. Therefore, the combination of metal with Ce is a
promising approach towards low temperature activity.
Furthermore, alkali metal (AM) and alkaline-earth metal
(AEM) could serve as a textural and electronic promotor for
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catalysts in various processes. Hence, many researchers
have tried to improve low temperature activity in recent
years through modification of support by AMs and AEMs
[27–30].
The activity of metal-supported on Ce catalyst is controlled by particle size, interaction between metal and
support, morphology and OSC. Thus, it is obligatory to
develop a systematic perspective to improve low temperature CO oxidation. Alkali acts as an electron promotor to
enhance the surface redox properties and is responsible for
the low temperature CO and VOC oxidation [31–34]. The
CO oxidation activity of noble metal and NM supported on
ceria was enhanced by addition of AM and AEM [35–38].
AM and AEM showed different solubility in ceria lattice.
The larger metal ion shows the least solubility compared to
the smaller AM and AEM [39]. The maximum solubility of
smaller AM and AEM leads to the improvement in the
surface porosity and electronic properties of ceria lattice.
The variation in solubility of these metal/metal oxides
increased the OSC of ceria. The OSC was responsible for
release and storage of the oxygen in modified ceria catalyst,
which enable the low temperature CO oxidation. In this
study, the effect of AM- and AEM-modified CeO2 support
responsible for low temperature activity has been reviewed
in detail. The improvement in low temperature CO oxidation activity of metal-supported ceria due to the AM and
AEM has been highlighted here with plausible mechanism.

2.

CO oxidation using modified CeO2

The ceria is used for reduction and oxidation reactions due
to the unique properties. The oxygen vacancies in Ce
improves the oxygen dispersion rate in lattice and was
responsible for higher catalytic activity [40]. These vacancies were observed due to the parameters like temperature,
nature of dopant, oxygen pressure, and electrical field
controlled during synthesis [41]. Ceria showed OSC due to
reversible transformation within Ce3? and Ce4? and provide the oxygen during oxygen-deficient condition. Furthermore, the reduction of CeO2 to CeO2–d (2–d = O/Ce)
leads to the formation of defect occurrence (oxygen
vacancy) as a Ce3? ion. The lattice oxygen desorbs from
CeO2 surface and oxygen leaves two electrons on Ce4?
cation. These two electrons filled the empty 4f orbital of
Ce4? to generate Ce3?. Hence, Ce3? can be a potent indicator for oxygen vacancy formation [42]. The CeO2 surface
oxygen vacancy (Vo) having lattice plane (111) is thermodynamically stable in cubic structure and having active
surface lattice plane (111) [43,44]. The literature reveals
that the crystal planes are strongly influenced by morphology of the material, which affects the reactivity of the
catalyst [45–47]. Piumetti et al [48] theoretically reported
the oxygen vacancies formation energy order of Ce for
various planes (110) \ (100) \ (111). Sayle et al [49]
demonstrated that the (100) and (110) surface planes were
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catalytically and thermodynamically active for CO oxidation compared to (111) surface planes. Therefore, the Ce
with (100) and (110) planes showed higher activity than
(111) plane due to the movement of lattice oxygen from
bulk to surface of catalyst.
The incorporation of other elements into ceria lattice is an
important approach towards increase in Vo formation and
low temperature CO oxidation activity. The substitution of
other elements of lower valency could be responsible for the
formation of defects and lattice distortions due to the
presence of Vo. Ce4? has ionic radius 0.97 Å compared to
the dopant (lower or higher ionic radius), which affects the
energy of Vo formation. Nolan [50] examined the Vo formation in ceria after doping with Al, Sc, In, Y and La
having ionic radii 0.39, 0.75, 0.80, 0.96 and 1.16 Å,
respectively. He found that the doped element with radii
close to Ce easily fit within the lattice. However, smaller
and larger ionic radii strongly distort the structure, which
leads to the increase in Vo formation required for maximum
CO oxidation. Further, Gupta et al [51] reported density
functional theory study of ceria doped with transition metals
like Mn, Fe, Co, Ni, Cu, Pd, Pt, Ru, rare-earth metals, etc.,
and showed improvement in redox properties and OSC.
Whereas, rare-earth metals showed negligible increment in
OSC. Transition metal and noble metal ions showed very
strong structural distortion by forming long and short
cation-oxygen bonds, favourable for CO oxidation activity.
Furthermore, Liu et al [52] observed the maximum CO
oxidation activity of Cux-CeO2 catalyst due to strong
interaction between CuOx and CeO2. The optimum amount
of Cu doping on CeO2 and its calcination temperature
showed significant effect on catalytic performance than
pure CeO2. The CO oxidation activity of Cux-CeO2 is
shown in figure 1. Cu/Ce (molar ratio 0.09) calcined at
600°C showed maximum CO oxidation at 110°C than pure
CeO2 (280°C). The maximum well-dispersed Cu? species
was responsible for the oxidation of CO at a lower

Figure 1. CO oxidation activity on pure CeO2 and Cu-doped
CeO2. Reproduced with the permission from [52].
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temperature. The Vo facilitates the formation of maximum
Cu? species on the catalyst surface.
The low temperature activity of CeO2 could be increased
by addition of the active metal. The metal mixed
with/supported on CeO2 showed three plausible reaction
mechanisms related to catalytic CO oxidation, like Langmuir Hinshelwood (LH), Eley-Rideal (ER) and Mars-van
Krevelen (MvK). Among three mechanisms, in MvK the
catalyst surface is an active reaction component and is used
to describe the consecutive CO oxidation [53–58]. However, Ce is well known for defective structure and oxygen
vacancies. Therefore, CO oxidation on ceria is explained by
MvK mechanism. In MvK mechanism, the catalyst surface
is an active reaction integrant responsible for CO oxidation
[59]. The different sources of oxygen for oxidation have
been reported. However, one of them is lattice oxygen of Ce
and another is from gaseous oxygen activated by Vo
[57,60]. The conventional and carbonate-mediated MvK
CO oxidation mechanism is shown in figure 2. The mechanism includes CO2 formation and its desorption, leaving an
oxygen vacancy. This is an endothermic reaction and
depends on the mobility of lattice oxygen towards the surface. The energy required to remove lattice oxygen corresponds to energy of oxygen vacancy formation and
correlated with the CO oxidation activity of doped and
undoped CeO2. However, the energy is vital for low temperature CO activity and depends on the nature of doping
metal. Typically, according to MvK mechanism (equations
1–4) CO adsorb on the CeO2 active site (Ce*) and gaseous
oxygen adsorbed on oxygen vacancies (Vo). The adsorbed
CO and surface oxygen (Osurf) could react and form an
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intermediate (Ce-CO-O-Vo*(ads)). The intermediate further
forms CO2(g) with the regeneration of active sites. The CO
also reacts with lattice oxygen (OL) to form CO2 and
regeneration of oxygen vacancy (Vo) takes place. The active
site could be regenerated by adsorption of gas-phase O2.
COðgÞ þ CeðsurÞ ! Ce-COðadsÞ

ð1Þ

O2ðgÞ þ 2Vo ! 2Vo -OðadsÞ

ð2Þ

Ce-COðadsÞ

þ Vo -OðadsÞ !

Ce-CO-O-Vo ðadsÞ

ðIntermediateÞ
Ce-CO-O-Vo ðEÞ ! CeðsurÞ þ Vo þ CO2ðgÞ

ð3Þ
ð4Þ

Furthermore, Liu et al [61] reported the carbonatemediated mechanism on Co-doped Ce (110) surface. The
mechanism is shown in figure 2. The formation of carbonate
as an intermediate on various metal-doped CeO2 surfaces
was described in detail. CO adsorbed on the Co and interact
with lattice oxygen to form carbonate intermediate. This
intermediate further interacts with adsorbed CO to form two
linear CO2 molecules with two oxygen vacancies and carbonate as an intermediate. The nature and coordination of
dopant metal is responsible for low temperature CO conversion through MvK mechanism. In conventional mechanism, Co-doped Ce containing (111) and (100) surface
showed adsorption of CO on lattice oxygen and forms linear
CO2 intermediate, which easily desorbed from the surface.
In this type of mechanism, only one oxygen vacancy was
regenerated.
Moreover, the modification of CeO2 by the addition of
meta/metal oxide has been reported to improve the

Figure 2. Conventional carbonate-mediated MvK mechanism on co-modified CeO2 for CO oxidation to CO2. Reproduced with the
permission from [61].
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physicochemical properties required for low temperature
CO oxidation [62]. Zou et al [63] studied the adsorption
phenomenon on Ce catalyst doped with AM and AEM. The
CuO-CeO2 is reported for preferential oxidation of CO in
H2-rich conditions. The carbonyl species desorption was
observed at lower temperature. However, at higher temperature formation of carbonate species was observed over
CuO-CeO2. The doping of AM/AEM (Li/Ba) in CuO-CeO2
showed irreversible adsorption of CO, which inhibits the
adsorption of H2. The AM/AEM also favours the formation
of format by maximum CO adsorption compared to the
CuO-CeO2. Moreover, researchers are taking the efforts to
improve the low temperature oxidation activity through
modification of CeO2 by doping with precious metals,
transition metals, lanthanides, AE, AEM, etc. The noble
metal and NM supported/mixed with CeO2 modified by the
addition of AM and or AEM. The modification of Ce catalyst by AEM and AM could lead to the improvement in
redox properties. The ionic radii of AM and AEM showed
comparable variation than Ce, which could lead to the
generation of lattice distortion in the crystal and forms
active sites for oxidation.

2.1 Effect of AM and AEM doping on noble metal
(M) mixed with/supported on CeO2 on CO oxidation
The noble metal supported on/mixed with ceria has been
studied widely for oxidation of VOC and CO. However,
low temperature activity of these catalysts could be
improved by the addition of third metal. Gluhoi and
Nieuwenhuys [64] prepared the BaO (AEM)-modified Au
supported on Al2O3 and CeO2, and studied for CO oxidation at room temperature. AEM oxides stabilize small Au
particles against sintering. Guo et al [65] studied series of
AEMs like Mg, Ca, Sr and Ba-modified Pd/CeO2 catalysts.
The AEM-doped CeO2 enhances the number of defects in
the crystal lattice and oxygen vacancies, which was
responsible for the high oxidation activity. Anguita et al
[66] studied the effect of biofuel impurities like AM, AEM
and phosphorus on CO, NO and propene oxidation activity
of PtPd/CeZr/La-Al2O3. The lower electronegativity of
AM (Na = K\Ca) and higher metal oxygen interaction lead
to enhancement in the reduction temperature. However, the
broadness of peaks increases after the addition of AM and
could be due to the electron donating ability of AM.
Therefore, AM could be responsible for the increase in
adsorption of CO on the catalyst surface, which leads to the
saturation and requires higher temperature for desorption of
CO and O2 as a CO2. The support of PtPd/CeZr/La-Al2O3
modified Na, K, Ca and P. The P-modified PtPd/CeZr/LaAl2O3 showed lower light-off temperature. However, catalyst showed comparable activity with Na-, K-, Ca-modified PtPd/CeZr/La-Al2O3 (PtPd) catalyst above 200°C. The
H2-TPR analysis is shown in figure 3. The temperature
programmed reduction (TPR) profiles showed shifting of
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H2-TPR peaks towards higher temperatures. The H2-TPR
peaks temperature order are PtPd\aged-PtPd\P-PtPd\CaPtPd\K-PtPd\Na-PtPd. The electron donating ability of
the AM increases reduction of temperature towards the
higher side.
Furthermore, table 1 shows the comparison of CO oxidation of AM- and AEM-modified noble metal
mixed/supported on CeO2. AM- and AEM-modified oxides
are considered as structural promotors for CO oxidation due
to the strong interaction with noble metals and CeO2. The
AEM-modified catalyst showed higher CO conversion
(T100) at lower temperature compared to the AM-modified
catalyst. The doping of aliovalent metals in CeO2 leads to
the formation of Vo on the CeO2 surface. The reduction of
CeO2 to CeO2–d was observed and represented by KrogerVink equation (5) [67].
2Ce4þ þ O ! 2Vo -Ce3þ þ 1=2O2

ð5Þ

In reduced conditions, doubly charged oxygen vacancy
(Vo) and Ce3? are formed in the lattice of ceria. These Vo
generates two electrons, which further accepted by two
Ce4? ions and reduced to Ce3? with the formation of
oxygen vacancies. The plausible MvK mechanism for the
oxidation of CO by AM- and AEM-doped noble metal
supported/mixed with CeO2 is shown in equations 6–15.
The formation of active oxygen species (O* = O2–, O–, O2–)
was observed due to the adsorption of gaseous oxygen on
Vo as shown in equations 6 and 7. AM and AEM have the
ability to donate the electrons and therefore enhance the
mobility of active oxygen species. These species were
regenerated by gaseous oxygen (equation 9). The CO
adsorbed on the CeO2, noble metal and AM/AEM interface.
The CO adsorption leads to the reduction of Ce4? to Ce3?
(equation 8). The active oxygen species (O* = O2–, O–, O2–)
is formed by transfer of electron from AM/AEM to Ce4?

Figure 3. H2-temperature programmed reduction profile of fresh,
aged and modified catalysts (conditions: 2% H2 in Ar flow with 50
ml min-1, temperature 25–650°C with rate 2°C min-1). Reproduced with the permission from [66].

Bull. Mater. Sci. (2021)44:263
Table 1.
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Comparison of CO oxidation activity of AM- and AEM-doped noble metal-modified CeO2.

Catalyst

T100 (oC)

Reaction condition

200
200
190
180
120
RT
100
152

300 ppm CO, 10% O2, with He balance, H2O 3.5% GHSV = 135000 h–1

Na-PtPd
K-PtPd
Ca-PtPd
Pt-Pd
Au/CeOx/Al2O3
Au/BaO/CeOx/Al2O3
Au/Li2O/CeOx/Al2O3
Au/Rb2O/CeOx/Al2O3


2Vo-Ce3þ ðsurÞ

þ O2ðgÞ $ 2Ce

References

[57]

CO and O2 (4% He balance), GHSV = 2500 h–1, CO/O2 = 2/1

species (equation 8). However, gaseous oxygen interacts
with oxygen vacancy and leads to the formation of active
oxygen species (O*). The noble metals (M) could be a good
active site for CO adsorption than gaseous oxygen [59].
Moreover, CO adsorbed on metal further reacts with active
oxygen. The desorption of CO2 takes place with the
regeneration of oxygen vacancies and active metal species
(equations 11 and 12). The dissociative adsorption of CO
[68] takes place on noble metal and AM/AEM interface,
which could form the intermediates (equation 10). These
intermediates could react with CO adsorbed on metal,
gaseous oxygen and or oxygen adsorbed on Vo (equations
12–15).
Furthermore, the AM/AEM-doped noble metals showed
desorption of CO2 at higher temperature [69] compared to
the undoped noble metal mixed/supported on Ce. The AM/
AEM doping showed negative effect on the oxidation
activity due to the adsorption of CO2 on the surface, which
blocks the active sites.

Vo þ O2ðgÞ ! O O2 ; O ; O
ð6Þ
2
4þ

-OðadsÞ

ð7Þ

AM/AEM-OðsurÞ þ Ce4þ -OðadsÞ

! Vo-Ce3þ ðsurÞ þ AM/AEMðsurÞ þ 2OðadsÞ

ð8Þ

AM/AEM þ 1=2O2ðgÞ ! AM/AEM-OðsurÞ

ð9Þ

AM=AEM-OMðsurÞ þCOðgÞ ! AM=AEM-O-CMðadsÞ
interface

intermediate

AM=AEM-O-OMðadsÞ
intermediate

ð10Þ

MðsurÞ þ COðgÞ ! M-COðadsÞ

ð11Þ

þ
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2M-COðadsÞ þ OðadsÞ ! 2MðsurÞ þ 2Vo-Ce3þ
ðsurÞ þ 2CO2ðgÞ
ð12Þ
AM/AEM-O-C  MðadsÞ þ O2ðgÞ
! AM/AEM-O  MðsurÞ þ CO2ðgÞ

ð13Þ

AM/AEM-O-C  MðadsÞ þ 2Ce4þ -OðadsÞ
! AM/AEM-O  MðsurÞ þ 2Vo-Ce3þ
ðsurÞ þ CO2ðgÞ
ð14Þ

[60]

Table 2. Light off, T50% and T100% CO conversion temperature
of Mg-modified MnCe (0.5:0.5 mol) and Mg- and Cs-modified
CuCe (0.15:0.185 mol) [72–74].
Temperature (oC)
Catalyst
0.125 wt% MgMnCe
6 wt% MgCuCe
CuCe
MnCe
1 wt% Pt/Al2O3
0.1 wt% CsCuCe

Light-off

T50

T100

35
40
40
77
147
40

104
56
70
119
195
60

157
100
100
163
209
100

AM/AEM-O-O  MðadsÞ þ M-COðadsÞ ! AM/AEM-O
 MðsurÞ þ MðsurÞ þ CO2ðgÞ
- active site

ð15Þ

2.2 Effect of AM and AEM doping on NM supported on/
mixed with CeO2 on CO oxidation
The AM (Cs) is electronic or textural promoters for NM
mixed/supported on ceria catalyst used for oxidation reactions. In an oxidation reaction, electron-donating effect of
AM enhances the reactivity of oxygen in metal–oxygen
bond. Similarly, AEMs like Mg, Sr, etc. act as a promotor
for NM mixed/supported on ceria for methane reforming,
Fischer tropsch synthesis, VOC oxidation, NOx reduction,
soot oxidation and water-gas shift reaction, etc. [70,71]. The
comparison of light-off temperature, 50% (T50) and 100%
(T100) CO conversion temperature of Mg-doped MnCe,
CuCe and Cs-doped CuCe is shown in table 2. In our previous study, Mg-modified MnCe and Cs and/or Mg-modified CuCe catalyst reported for CO oxidation separately
[72,73]. Lavande et al [72,74] prepared Mg-doped Mn and
Cu-modified CeO2 (MnCe and CuCe) for complete CO
oxidation. The concentration of Mg doping on MnCe and
CuCe has been optimized for CO oxidation. The 0.125 and
6 wt% Mg-doped MnCe and CuCe, respectively, showed
higher CO oxidation at lower temperature. Similarly, the
concentration of Cs doping on CuCe optimized for CO
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oxidation. However, 0.125 wt% Mg-doped MnCe catalyst
showed higher CO oxidation at light-off temperature compared to the 6 wt% MgCuCe. Whereas, 50 and 100% CO
conversion of 6 wt% MgCuCe was observed at lower
temperature compared to the 0.125 wt% Mg-doped MnCe,
0.1 wt% CsCuCe, CuCe, MnCe and commercial inhouse
prepared 1 wt% Pt/Al2O3. The order of 50% CO conversions (T50) are 6 wt% MgCuCe \ 0.1 w% CsCuCe \
CuCe \ 0.125 wt% MgMnCe \ MnCe \ 1 wt% Pt/Al2O3.
The increase in low temperature CO conversion was
observed on Cs- and Mg-modified CuCe compared to
remaining of the catalyst. The Mg and Cs doping in CuCe
lead to the generation of defects in the lattice and consequently form the active oxygen species responsible for
low temperature activity. Mg and Cs show synergistic
interaction with Ce, which is responsible for the active
oxygen vacancies and increases the dispersion of metal
on catalyst surface.
Furthermore, Fan et al [75] prepared the Sr-modified
CeO2 and ZrO2 by coprecipitation and impregnation
method and correlated the OSC of catalyst with CO oxidation. The OSC measurement was carried out by CO pulse
method and the order is Sr/CeO2/ZrO2 (impregnation
method) [Sr/CeO2/ZrO2 (coprecipitation method) [CeO2/
ZrO2. The Sr/CeO2/ZrO2 catalyst prepared by the impregnation method showed higher OSC than the undoped CeO2/
ZrO2 and Sr/CeO2/ZrO2 prepared by the coprecipitation
method. The Sr was acting as a structural promoter and
enhances the reducibility of a catalyst with the formation of
SrZrO3 phase. The SrZrO3/CeO2-ZrO2 interface and high
OSC was responsible for higher CO oxidation activity.
Furthermore, An et al [76] reported the OSC of Ca- and
Mg-doped CeO2/ZrO2. The CeO2/ZrO2 catalyst doped with
Mg showed higher OSC compared to Ca-doped catalyst.
However, OSC results of these Mg- and Ce-doped CeO2/
ZrO2 are compared with OSC of Sr-doped CeO2/ZrO2. The
order of OSC is (lmol CO2.gcat–1) CeZrMgO2 [CeZrCaO2
[ Sr/CeO2/ZrO2 (impregnation method) [ Sr/CeO2/ZrO2
(coprecipitation method) [ CeO2/ZrO2.
The increase in OSC due to Ca was attributed to the proper
ionic radius of Ca and maximum solubility of Ca in Ce-Zr
lattice compared to the Mg. The higher OSC indicates the
increase in oxygen mobility from bulk to surface and the
formation of oxygen vacancies. Moreover, Ce4? reduced to
Ce3? due to the doping with AEM. The improvement in OSC
was responsible for the increase in CO oxidation activity.
Furthermore, the plausible mechanism of CO oxidation using
AM/AEM-modified NM mixed/supported on Ce is shown in
equations (16–24). The oxygen and CO adsorption takes
place on Vo and NM, respectively. The AM and AEM doping
enhances the formation of Vo due to electron donating
capacity and was responsible for the CO activation at lower
temperature. AM/AEM interacts readily with oxygen to form
active oxygen species and acts as oxygen donor for the oxidation reaction. NMs like transition metals as well as the
metals having unpaired electrons are used as a catalyst due to
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their variable oxidation states. NMs redox behaviour and
synergistic interaction with Ce4?/3? redox couple are
responsible for the formation of O* species equations (6 and
7) and leads to the higher oxidation activity. The interaction
of AM/AEM and NM with CeO2 forms Vo in the vicinity of
Ce3? equation (8), which leads to the formation of active NMO* and NM-O-Ce* species equations (16 and 17). Unlike
noble metal, NM activates the gaseous oxygen and forms
active NM-O* equation (16). Furthermore, NM reacts with
CO to give NM*-CO(ads) equation (18). AM/AEM and NM
interface could activate CO at lower temperature than NMsupported ceria equation (19). AM/AEM have the ability to
donate electrons to the active species, which enhance the
reducibility of NM, and is a key factor for the desorption of
adsorbed oxygen and improved the oxidation ability [77].
Furthermore, all these adsorbed species reacts and form CO2
equations (20–24). Moreover, AM and AEM doping increases the CO adsorption on catalyst surface.
2NMðsurÞ þ O2ðgÞ ! 2NM-OðadsÞ

ð16Þ

2NM-Vo -CeðsurÞ

ð17Þ

þ O2ðgÞ !

2NM-O-CeðadsÞ

NMðsurÞ þ COðgÞ ! NM-COðadsÞ

ð18Þ

AM=AEM-ONMðsurÞ þ COðgÞ ! AM=AEM-O-CNMðadsÞ
interface

þ

intermediate

AM=AEM-O-ONMðadsÞ
intermediate

ð19Þ

2NM-O-CeðadsÞ þ NM-COðadsÞ
! CO2ðgÞ þ 2NM-Vo -CeðsurÞ þ 2NMðsurÞ

ð20Þ

NM-COðadsÞ þ NM-OðadsÞ ! 2NMðsurÞ þ CO2ðgÞ

ð21Þ

AM/AEM-O-C  NMðadsÞ þ O2ðgÞ
! AM/AEM-O  NMðsurÞ þ CO2ðgÞ

ð22Þ

AM/AEM-O-C  NMðadsÞ þ 2Ce4þ -OðadsÞ
! AM/AEM-O  NMðsurÞ þ 2Vo -Ce3þ
ðsurÞ þ CO2ðgÞ
ð23Þ
AM/AEM-O-O  NMðadsÞ þ NM-COðadsÞ
! AM/AEM-O  NMðsurÞ þ NMðsurÞ þ CO2ðgÞ

ð24Þ

The activation of O2 takes place on ceria and NM. The
presence of AM/AEM lower the activation energy for noble
metal and NM. However, O2 and CO preferentially activated
on the NM, whereas noble metal requires high energy for
activation of O2 and predominantly showed the CO adsorption than O2. NM redox behaviour and synergistic interaction
with Ce redox couple are responsible for the formation of
active species and consequently enhance the oxidation
activity. The density functional theory study shows that the
O2 activation takes place on noble metal through formation of
peroxy and superoxy species, whereas NM showed dissociative adsorption of O2. The primary step in the O2 activation
is adsorption. The remarkable amount of charge transfer takes
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place from metal to the O2 for strong chemisorption. However, O2 adsorbed weakly on the NMs. Hence, O2 dissociates
with a low energy barrier. Metal with a low O2 dissociation
barrier could provide the atomic oxygen easily to the neighbouring species [78]. The formation of atomic oxygen on
metal surface showed higher CO oxidation [79]. The NM
predominantly showed formation of atomic oxygen species
through dissociation. AM/AEM-modified NM mixed or
supported on ceria showed decreases in activation energy
required for dissociative adsorption of O2, CO, formation
of oxygen vacancies and OSC, which was responsible for
the maximum CO oxidation at lower temperature.
Therefore, enhancement in CO oxidation was observed in
AM/AEM-modified NM catalyst compared to the noble
metal catalyst.

3.

Conclusion

The review summarizes the recent progress in the investigation of catalytic oxidation by AM- and AEM-modified
noble and non-noble mixed/supported on CeO2 catalyst.
The fundamental mechanism of the low temperature CO
oxidation showed the formation of various intermediates,
which facilitate the CO oxidation. The modification by AM/
AEM generates the defects in Ce lattice, which enhances
the oxygen vacancies on the surface and also increases the
OSC. These modification increases the mobility of active
oxygen species from bulk to the surface of catalyst.
Although CeO2 is used in catalytic converter due to its
unique properties, further research is necessary to understand the AM/AEM effect on its textural and structural
properties, like Ce structure, OSC, oxygen vacancies and
redox cycle Ce4?/3?, to make it suitable and cost effective
for various applications.
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