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Abstract 
The oxidation of CO covers a wide range of applications from gas masks, gas sensors, indoor air 

quality control to hydrogen purification for polymer electrolyte fuel cells. The reaction attracts renewed 
interest both in fundamental and applied research of catalysis and electrochemistry. Recent developments 
and trends in catalysis towards the synthesis of nanocatalysts for CO oxidation are discussed in this 
review. Different modifications made to conventional catalysts synthesis approaches for preparation of 
nanocatalysts are critically analyzed. Nanocatalysts developed on the basis of noble metals completely 
convert CO at temperatures below 0 ºC. The development of active and stable catalysts without noble 
metals for low-temperature CO oxidation is a significant challenge. It was found that Co3O4 nanorods 
can be steadily active for CO oxidation at a temperature as low as –77 ºC. High activity of catalysts at 
low temperatures connected with nanosize particles and high surface area. This review summarized main 
directions of nanocatalysts development for CO low temperature oxidation.

Introduction

Catalytic oxidation of CO is a known and com-
monly used process in the industry: clearing of ex-
haust gases of internal combustion engines, gaseous 
waste of petrochemical and metallurgical manufac-
tures, generation of pure gases, CO oxidation for 
production of pure (without CO) hydrogen for pro-
ton-exchange membrane fuel cells. CO oxidation 
is an elementary step in many important industrial 
processes such as the production of methanol and 
the water-gas shift reaction [1, 2].

Low-temperature oxidation of CO, perhaps the 
most extensively studied reaction in the history of 
heterogeneous catalysis, is becoming increasingly 
important in the context of cleaning air and lowering 
automotive emissions. Low-temperature active oxi-
dation catalysts are important in many applications. 
During the start of a cold car engine, CO and hydro-
carbons are emitted untreated into the atmosphere. 
About 80–90% of all emissions from a car are re-
leased during the cold start [3-5]. CO is a toxic and 

detrimental air pollutant. It not only affects human 
beings but also vegetation and indirectly increases 
global warming. An estimate has shown that vehic-
ular exhaust contributes about 64% of the CO pollu-
tion in developed countries. Due to the exponential-
ly increasing number of automobiles on roads, CO 
concentrations have reached an alarming level in ur-
ban areas and regulatory measures had been adopted 
to curb the menace of vehicular pollution. Thus, the 
CO oxidation reaction is of practical importance for 
the control of the environmental pollution that re-
sults from combustion processes. To control vehicu-
lar exhaust pollution, end-of-pipe-technology using 
noble metal catalytic converters are recommended. 
The CO oxidation reaction over late transition met-
als has been the most widely studied surface cata-
lyzed reaction. In general, the catalytic activity for 
the CO oxidation over transition metal surfaces is 
determined by the propensity of the metal surface 
to dissociate oxygen molecules and is counter bal-
anced by the bond strength of the active oxygen spe-
cies on the metal surface. The transition metals with 
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half-filled d-bands reveal the highest activity, where 
the dissociation probability is not too low and the 
adsorption energy is not too high. Accordingly, Pt, 
Pd, and Rh are efficient metal catalysts, while Ru–
due to its very high binding energy of oxygen – is a 
poor catalyst for the CO oxidation reaction. Noble 
metal catalysts are water tolerant but they usually 
require temperatures above 100 ºC for efficient op-
eration [6, 7].

The increasing prices of noble metals with the 
increasing number of vehicles motivates the inves-
tigation of material concepts to reduce the precious 
metal content in automotive catalysts or to find a 
substitute for noble metals. Noble metal catalysts, 
usually require temperatures above 100 ºC for ef-
ficient operation. The development of active and 
stable catalysts without noble metals for low-tem-
perature CO oxidation under an ambient atmosphere 
remains a significant challenge. One of the methods 
used for synthesis catalysts for CO oxidation are 
self-propagating high temperature synthesis (SHS) 
[8-13], Method and Solution combustion synthesis 
(SCS) method [14-19]. This review is devoted to 
last achievement in synthesis active catalyst for CO 
oxidation at low temperatures, especially nanocata-
lysts, which work at ambient temperature and bel-
low 0 ºC temperatures.

In recent years, increasing attention has been fo-
cused on the catalytic oxidation of carbon monoxide 
at ambient temperature due to its important applica-
tions in mine rescue devices for human safety, car-
bon dioxide lasers, proton exchange membrane fuel 
cells as well as many other applications in air purifi-
cation devices, CO sensors, and even the burning of 
a cigarette. [20-23]. Low-temperature oxidation of 
CO, perhaps the most extensively studied reaction 
in the history of heterogeneous catalysis, is becom-
ing increasingly important in the context of cleaning 
air and lowering automotive emissions.

Noble metals catalysts
 
Pt and Pd on CeO2

Those results are better than on Pt catalysts pro-
duced by Solution Combustion Synthesis (SCS) 
method (50% CO conversion at 170 ºC) [24]. Ce-
ria-supported Pt and Pd catalysts have been synthe-
sized by the combustion method (the combustion 
mixture for the preparation of 1% Pt/CeO2 contained 
(NH4)2Ce(NO3)6, H2PtCl6, and C2H6N4O2 (oxalyldi-
hydrazide) in the mole ratio 0.99:0.01:2.33, (pre-
heating temperature 350 ºC). Pt and Pd metals are 
ionically dispersed on the CeO2 surface of crystallite 
sizes in the range of 15–20 nm. In 1% Pt/CeO2 Pt is 

found to be in the C2 and C4 oxidation states where-
as Pd is in the C2 state in 1% Pd/CeO2. The results 
of catalytic activities are compared with Pt and Pd 
metals dispersed on α-Al2O3 support prepared by the 
combustion technique. Both oxidation and reduction 
reactions occur at much lower temperatures over 
M/CeO2 compared to those over M/Al2O3 (M = Pt, 
Pd). The rate and turnover frequency of CO+O2 
reactions over M/CeO2 are higher than those over 
M/Al2O3. The observed enhanced catalytic activi-
ty of M/CeO2 has been attributed to the ionic dis-
persion of Pt and Pd on CeO2 leading to a strong 
metal–ceria interaction in the form of solid solu-
tion, Ce1-xMxO2-(4-n)x/2, having linkages of the type 
–O2––Ce4+–O2––Mn+–O2–(n = 2, 4) on the CeO2 surface.

Pd/CeO2

Pd/CeO2 catalysts synthesized using the copre-
cipitation method under a wide range of palladium 
loading and calcinations temperatures were investi-
gated [25]. The calculated  amount of metallic palla-
dium was dissolved in a minimum necessary amount 
of nitric acid; the resulting solution was cooled and 
supplemented with the calculated amount of cerium 
(III) nitrate. The reactant ratios were calculated so 
as to obtain the target Pd content in the catalyst in 
terms of non-aqueous supported Pd/CeO2 sample. 
The Pd:Ce molar ratios of 1:99, 5:95 and 10:90 were 
prescribed in advance. It was found that the synthe-
sis and subsequent calcinations at 450 ºC resulted 
in the formation of two main types of the catalyst 
components: PdO nanoparticles and PdxCe1−xO2−ı 
solid solution. Application of HRTEM allowed to 
establish the formation of aggregates where ceria or 
PdxCe1−xO2−ı nanoparticles were located around PdO 
nanoparticles. A subsequent calcination process re-
sulted in partial dissolution of PdO nanoparticles in 
ceria lattice and formation of the surface compounds 
of palladium and ceria, PdOx(s)/Pd–O–Ce(s), which 
contain high re-active oxygen according to the TPR-
CO data. Based on the XPS and TPR-CO data the 
catalytic activity at low temperatures (<100 ºC) was 
determined by a combination of both palladium sur-
faces structures PdOx(s)/Pd–O–Ce(s) and palladium 
ions Pd2+ in the PdxCe1−xO2−ı bulk phase. The best 
result was received on catalysts Pd/CeO2 calcined 
at 600 ºC.
      
Tin-modified Pt/SiO2 

Low temperature oxidation of CO over alloy type 
Sn–Pt/SiO2 catalysts with different Sn/Pt ratios has 
been investigated at different CO partial pressures 
using thermal programmed oxidation (TPO) tech-
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nique and time on stream (TOS) experiments. The 
introduction of tin into platinum strongly increased 
the activity of the catalyst. The activity had a max-
imum, which depended on both the Sn/Pt (at./at.) 
ratio and the CO partial pressure. TOS experiments 
revealed the aging of the Sn–Pt/SiO2 catalysts. FTIR 
and Mössbauer spectroscopy has been used to follow 
compositional and structural changes of Sn–Pt/SiO2 
catalysts during the catalytic run. The results show 
that the in situ formed, highly mobile “Sn–Pt” en-
semble sites are responsible for high activity, while 
formation of relatively stable SnOx type surface spe-
cies are involved in the catalyst deactivation [26].

Ag/Fe2O3

Among the cheap transition metal oxides, Iron 
oxides and their composite oxides are also used as 
the catalysts and the catalyst carriers on CO ox-
idation [27]. Furthermore, it has been found that 
introduction of silver to the transition metal oxide 
systems strongly increased activity of the catalysts 
in the oxidation of CO [28-30]. The effect of im-
pregnated Ag nanoparticles into Fe2O3 support in 
catalytic low temperature CO oxidation was investi-
gated [31]. The nanocatalysts were prepared with a 
conventional impregnation method. It is clearly ob-
served from the TEM images that the Ag nanoparti-
cles are highly dispersed on the surface of Fe2O3 and 
are mostly around 5 nm in size. The results reveal 
that the catalytic activities increased significantly by 
increasing the Ag content, which causes a strong in-
teraction with the Fe2O3. The catalytic activity clear-
ly correlates with the Ag–Fe2O3 interaction. The 
experiments showed that the Fe2O3 supported silver 
catalyst has a good reproducibility and is highly sta-
ble for CO oxidation for a 50 h period of time even 
in the presence of high amounts of moisture and CO2 
in the feed gas. Best results (100% CO conversion at 
200 ºC) were received on 20% Ag/Fe2O3.

Ag-Cu

Cu2Ag2O3 has been prepared [32] by a precipi-
tation method and evaluated for ambient (room) 
temperatures of carbon monoxide oxidation. The 
Cu2Ag2O3 catalyst demonstrated appreciable activ-
ity and a relationship with preparation ageing time 
was observed. An ageing time of 4 h produced a cat-
alyst with the highest oxidation performance. 

Au nanoparticles

Au for long time was not considered as active 
catalyst for CO oxidation, but as was discovered 

in 1987 by Haruta et al. [33] it supported small Au 
nanoparticles (NPs) catalyze CO oxidation at or be-
low room temperature. 

Compared to a highly dispersed supported Pt cat-
alyst, Au catalysts can be at a more active order of 
magnitude [34]. The attention arises not only from 
the commercial implication of this discovery, but 
also from the desire to answer the question of why 
the normally inert Au material can catalyze chemi-
cal reactions so effectively. A better understanding 
of the origin of the catalytic activity could lead to 
the discovery of other novel reactions. Gold ex-
hibits a unique catalytic nature and action when it 
is deposited as nanoparticles on a variety of metal 
oxides. Most reactions are noticeably structure sen-
sitive over such supported gold catalysts. Typical 
examples obtained in Japan at the low-temperature 
catalytic combustion, partial oxidation of hydrocar-
bons, hydrogenation of carbon oxides and unsaturat-
ed hydrocarbons, reduction of nitrogen oxides, and 
so forth, are presented. Gold exhibits high activity 
at low temperatures and superior stability under 
moisture, but only when deposited in nanoparticu-
late form on base transition-metal oxides [33, 35, 
36] and elements of lanthanide series [37].

Au nanoparticles/on carriers

Au particles with a size of <5 nm supported on 
some metal oxides manifested a very high catalytic 
activity in oxidation of carbon monoxide at ambient 
temperatures. In succeeding years, the number of 
communications devoted to catalytic properties of 
nanosized Au particles has progressively increased, 
especially very rapidly from 1997 [38, 39]. Gold ex-
hibits high activity at low temperatures and superior 
stability under moisture, but only when deposited in 
nanoparticulate form on base transition-metal ox-
ides [33, 35, 36].

Precious metal catalysts based on supported gold 
have been widely used for the low temperature ox-
idation of CO with the precious metal deposited as 
nanoparticles on metal oxides [23, 40-42].

Another line of advance is also introduced in the 
thin films of gold – metal oxide composites, which 
are applicable to electrical and optical gas sensing 
[43]. Novel gold catalysts were prepared by copre-
cipitation from an aqueous solution of HAuCl4 and 
the nitrates of various transition metals. Calcination 
of the coprecipitates in air at 400 ºC produced ultra-
fine gold particles smaller than 10 nm which were 
uniformly dispersed on the transition metal oxides. 
Among them, Au/α – Fe2O3, Au/Co3O4 and Au/NiO 
were highly active for H2 and CO oxidation, show-
ing markedly enhanced catalytic activities due to the 
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combined effect of gold and the transition metal ox-
ides. For the oxidation of CO they were active even 
at a temperature as low as −70 ºC [44].  

Experimental and theoretical studies on the cat-
alytic properties of oxide supported Au NPs have 
suggested thus far that the size of Au NPs [45-48], 
their structural fluxionality [49-51], their electronic 
interaction with supporting materials [52, 53], and 
the presence of a Au NP−support interface [54, 55], 
are factors that activate supported Au NPs.

A dramatic breakthrough in the heterogeneous 
catalysts of Au came when gold could be deposited 
on metal oxides as nanoparticles through coprecip-
itation [44] and deposition-precipitation methods 
[56]. Since then, many reactions over supported gold 
catalysts have been found to be noticeably structure 
sensitive. It is commonly known that the catalytic 
activity of gold nanoparticles in CO oxidation is 
strongly dependent on the support nature [57-59]. 
Previous comparative studies showed that the activ-
ity of supported gold catalysts depends, sensitively, 
on the support materials [36, 60, 61].

The selection of metal oxide supports the con-
trol of the size of Au particles, and the designing 
of the contact structure of the Au–metal oxide in-
terface allow to tune the nature and activity of sup-
ported gold catalysts in a wide range. In order to 
clarify the support effect on CO oxidation over Au 
catalysts without the influence of the size effect of 
Au, Au was deposited on a variety of supports with 
high dispersion by gas-phase grafting (GG) of an 
organo-gold complex. Comparison of Au/SiO2 with 
Au/Al2O3 and Au/TiO2, which were prepared by 
both GG and liquid-phase methods and were active 
for CO oxidation at 0 ºC, showed that there were no 
appreciable differences in their catalytic activities as 
long as Au is deposited as nanoparticles with strong 
interaction. However, Au deposited onto the acidic 
supports, such as silica–alumina and activated car-
bon (AC), exhibited a much lower CO oxidation cat-
alytic activity than those of the active Au catalysts, 
such as Au/TiO2 [62]. Among the gold catalysts 
supported on TiO2, α-Fe2O3, and Co3O4 the turnover 
frequencies for CO oxidation per surface gold atom 
are almost independent of the kind of support ox-
ides used and increase sharply with a decrease in 
diameter of gold particles below 4 nm. Small gold 
particles not only provide the sites for the revers-
ible adsorption of CO but also appreciably increase 
the amount of oxygen adsorbed on the support ox-
ides. In the temperature range −10 ºC to 65 ºC, the 
activation energies for CO oxidation were 8.2 kcal/
mol (Au/TiO2), 8.4 kcal/mol (Au/α-Fe2O3), and 3.9 
kcal/mol (Au/Co3O4) [36] Findings (Hyun You Kim, 
2012) on the mechanism of CO oxidation catalyzed 

by Au NPs supported on stoichiometric and partially 
reduced CeO2, confirm a critical role of oxygen va-
cancy in the CeO2 surface on CO oxidation activity 
of CeO2-supported Au NP, providing a theoretical 
guideline on the design of highly reactive catalysis 
in the supported NP class for low temperatures of 
CO oxidation.

Most active catalysts were prepared by deposit-
ing gold onto first-raw transition metal oxides (TiO2, 
Co3O4, Fe2O3, NiO) as well as onto Be(OH)2 and 
Mg(OH)2. Also, some composite oxide supports, 
such as ZnFe2O4, NiFe2O4, MgFe2O4 [63] were in-
vestigated. These catalysts were studied in sufficient 
detail but, for different reasons, they are not suitable 
for large-scale applications. From the practical point 
of view, alumina would be preferable support for Au 
catalysts as compared with other metal oxides. 

Au/Al2O3

In work [64] preparation and catalytic properties 
of nanodispersed Au/Al2O3 catalysts for low-tem-
perature CO oxidation were described. The catalysts 
with a gold loading of 1–2 wt.% were prepared via 
deposition of Au complexes onto different aluminas 
by means of various techniques (‘‘deposition-pre-
cipitation’’ (DP), incipient wetness, ‘‘chemical liq-
uid-phase grafting’’ (CLPG), chemical vapor depo-
sition (CVD)). Au particle sizes vary from 1 to 18 
nanometers depending on the method of prepara-
tion. Using the hydroxide or chloride gold complex-
es capable of chemical interaction with the surface 
groups of alumina as the catalyst precursors (DP and 
incipient wetness techniques, respectively) produces 
the catalysts that contain metallic Au particles main-
ly of 2–4 nm in diameter, uniformly distributed be-
tween the external and internal surfaces of the sup-
port granules together with the surface ‘‘ionic’’ Au 
oxide species. Regardless of deposition techniques, 
only the Cl-free Au/Al2O3 catalysts containing the 
small Au particles (d ≤ 5 nm) reveal the high catalyt-
ic activity toward CO oxidation under near-ambient 
conditions, the catalyst stability being provided by 
adding the water vapor into the reaction feed. Best 
results were received on 1.5% Au/δ – Al2O3 cata-
lysts, on which CO conversion was 95% at 0 ºC
(feed stream composition: 1% CO, 2.4% H2O and 
20% O2 in N2; GHSV, 60,000 h-1). For the purpose 
of comparison, industrial catalysts 2.3% Pt/(δ-Al2O3 
+ β-zeolite) have 100% CO conversion at 100 ºC. 
Regardless of the deposition technique (DP, IMP or 
CVD), the small Au particles (d ≤ 5 nm) deposited 
onto γ – and δ – Al2O3, which are free of Cl- impuri-
ty, are highly active toward catalytic combustion of 
CO in wet air stream under near-ambient conditions. 
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Generally, the Au/Al2O3 catalysts prepared by DP 
demonstrate the highest activity in CO oxidation as 
compared with the CVD or impregnated catalysts, 
probably, due to the smaller mean Au particle diam-
eter and narrower size distribution.

Au-MOx/Al2O3

Composite oxide MOx/Al2O3 supported gold cat-
alysts for low-temperature CO oxidation were pre-
pared and investigated [65].The presence of tran-
sition metal oxide was proved to be beneficial to 
the improvement of catalytic performance of Au/
Al2O3 catalysts for low-temperature CO oxidation. 
On Au/FeOx/Al2O3 catalyst 100% conversion is at 
– 50 ºC, on Au/Fe2O3 at – 22 ºC, on Au/Al2O3 at 
15 ºC. The Au/MOx/Al2O3 (M = Fe, Co, Mn, Cu) 
catalysts are more active than Au/Al2O3 catalysts. 
HDP is more suitable to prepare gold catalysts for 
commercial applications. From the characteriza-
tions of an Au/FeOx/Al2O3 catalyst, it seems reason-
able that for developing high catalytic activity, the 
gold catalyst should have minor portion oxidized 
gold species and the transition metal oxide supports 
should be amorphous which can result in synergis-
tic effects between gold and supports. One possible 
pathway for CO oxidation on Au/FeOx/Al2O3 cata-
lyst is that the CO adsorbed on gold particles reacts 
with adsorbed oxygen, which is possible to occur 
on oxygen vacancies on the support or at the met-
al–support interface. The presence of gold as small 
particles appear to be crucial for the high-activity 
[66, 67].

Au/Fe2O3

Haruta et al. [36, 44] firstly demonstrated active 
Au/Fe2O3 catalysts for room temperature CO oxi-
dation. Both heat-treated and untreated Au/Fe2O3 
catalysts were found to exhibit low temperature ac-
tivity toward CO oxidation, with untreated samples 
being much more active, though the heat-treatment 
could control the catalytic activity for CO oxidation 
[68-72]. The deposition–precipitation method was 
shown to produce more active Au/Fe2O3 catalysts 
than conventional coprecipitation [70-73]. Hutch-
ings and co-workers [74] prepared an Au/Fe2O3 cat-
alyst using a two-stage calcinations procedure for 
the competitive oxidation of dilute CO in the pres-
ence of moist excess H2 and CO2, achieving target 
conversion and selectivity.

Au-Fe-La-O

La2O3 doped Fe2O3 support was prepared by co-

precipitation method, and gold was loaded by depo-
sition-precipitation. Thermal stability of gold cata-
lyst was enhanced considerably by La2O3 doping. 
Even when calcined at 500 ºC for 12 h, the catalyst 
doped with La2O3 could convert 90% of CO at 28.9 
ºC, while the catalyst without La2O3 doping achieved 
90% CO conversion at 43.5 ºC [75]. After calcina-
tion at 500 ºC, the size of gold particles in Au/Fe2O3 
was in the range of 6–10 nm and the size of support 
grains was 50–100 nm. However, the sizes of gold 
particles and support grains in Au/La2O3/Fe2O3 were 
remained in the ranges of 4–8 nm and 25–50 nm, 
respectively. The results of X-ray diffraction and 
thermal analysis also proved that La2O3 doping not 
only restrained the growth of gold particles, but also 
retarded the crystallization of support.

Au/C

Activated carbon (AC) supports have been sel-
dom used for gold deposition in spite of the advan-
tages of the AC compared to oxide supports such as 
a high specific surface areas of up to 3000 m2/g, high 
stability in acidic and basic media [76], and easy re-
covery of supported metals by burning off the cata-
lyst. Prati et al. [77, 78] showed that the Au/AC cat-
alysts are active in different liquid-phase reactions, 
but the activities of these catalysts are sensitive to 
the preparation method. Gold nanoparticles of 2–5 
nm supported on woven fabrics of activated carbon 
fibers (ACF) were effective during CO oxidation at 
room temperature. To obtain a high metal dispersion, 
Au was deposited on ACF from aqueous solution of 
ethylenediamine complex [Au(en)2]Cl3 via ion ex-
change with protons of surface functional groups. 
The temperature-programmed decomposition meth-
od showed the presence of two main types of func-
tional groups on the ACF surface: the first type was 
associated with carboxylic groups easily decompos-
ing to CO2 and the second one corresponded to more 
stable phenolic groups decomposing to CO [79]. It 
was found that Au catalysts on CeO2 [80-85] and 
ZrO2 [86-89], are very active catalyst of CO oxida-
tion at low temperatures.

The Au/Ce1-xZrxO2 (x = 0, 0.25, 0.5, 0.75, 1) cat-
alysts were synthesized by the direct anionic ex-
change (DAE) method and tested in CO oxidation 
[90]. Poisoning effect of residual chlorine on their 
catalytic performance was found. The agglomer-
ation of Au particles during the calcination step in 
the presence of residual chlorine was observed. Its 
removal through the washing treatment both inhib-
ited the sintering process and led to the increase in 
activity of the studied systems. The sequence of in-
creasing activity was followed by the sequence of 
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increasing reducibility of the catalysts. This shows 
the role of the support redox properties in the cre-
ation of the catalytic performance of supported Au 
nanoparticles in CO oxidation.

Non-noble catalysts 

CuO

Copper oxide [91-93] and supported copper 
oxides [21, 94-101] are known to be highly ac-
tive for CO oxidation, however, usually at elevat-
ed temperatures (>200 ºC). Most of the studies on 
copper based systems have been on supported cop-
per oxides, among which are CuO/CeO2 [94-98], 
CuO/Sm-CeO2 [21], CuO/ZrO2 [99], CuO/ThO2 
[100] and CuO/Al2O3 [101]. There are however, only 
very few studies on unsupported copper oxide for 
this important reaction. Room temperature oxida-
tion of carbon monoxide to carbon dioxide has been 
achieved for the first time over unsupported copper 
oxide catalysts prepared by a controlled heating of 
precipitated copper hydroxide after activation of the 
catalyst in a redox environment [102].Carbon mon-
oxide oxidation has been studied over different ox-
ides of copper as well as a copper oxide sample ob-
tained from precipitation. It is found that drying and 
calcination of the precipitated hydroxide are crucial 
parameters that affect the catalyst performance dra-
matically. Experimental results indicate that the ac-
tive phase is a metastable non-stoichiometric form 
of copper oxide formed during the treatment of the 
oxide in a redox environment. Mixed oxides such as 
CuMnO4 [103] and CuO-ZnO [104-106] have been 
reported as active catalysts for CO oxidation at am-
bient temperature. Here are some examples of active 
nanocatalysts on the base of copper oxide on carrier 
presented.

CuO/MeO-SiO2 

The promotional effects of CeO2, MnO2 and 
Fe2O3 on CuO/SiO2 were studied in CO oxida-
tion reactions. The CO oxidation test showed 
that CeO2 had the most promoting effects and 
CuO/CeO2−SiO2 realized complete conversion of 
CO at 150 ºC, which is 120 ºC lower than that of 
reference catalyst CuO/SiO2, because addition of 
CeO2 formed more Cu + species and moveable lat-
tice oxygen species on the surface of the catalysts. 
The order of promoting effects for various added 
oxides is CeO2 > MnO2 > Fe2O3. The characteriza-
tion results proved that the Cu + species and oxygen 
mobility played a very important role in CO oxida-
tion [107].

Cu-Mn-O 

Hopcalite catalysts (mixtures of manganese and 
copper oxides (CuMn2O4)) were originally devel-
oped for purifying air in submarines, but they are 
not especially active at ambient temperatures and 
are also deactivated by the presence of moisture 
[108, 109]. Due to the complexity of the preparation 
methods of hopcalite, attempts have not stopped to 
find new preparation methods for more active hop-
calite. Copper-manganese oxide catalysts prepared 
by co-precipitation was described by Taylor and co-
workers [110, 111]. They showed that the effect of 
a broad range of precipitation parameters, such as 
ageing time, ageing pH, ageing temperature, copper/
manganese molar ratio and calcinations temperature 
are of crucial importance in controlling the catalytic 
performance of CO oxidation at ambient tempera-
ture. The effect of the preparation conditions of a 
hopcalite (coppermanganese oxide) catalyst are in-
vestigated for the oxidation of carbon monoxide at 
ambient temperature. In the present study the hop-
calite is prepared by coprecipitation from an aque-
ous solution of copper and manganese nitrates [110, 
112]. The activity of hopcalite materials is principal-
ly affected by two features, namely the surface area 
and the phase composition. Both of these features 
are controlled principally by the conditions used for 
the calcination that is required to activate the precur-
sor, formed initially from coprecipitation. High ac-
tivity is observed for materials that retain high sur-
face area and are not crystalline. In [113] 60% CO 
conversion reached at 27 ºC on hopcalite catalyst.

Cu-Fe-O

Even copper iron composite oxide catalysts were 
prepared by coprecipitation, ball-milling, thermal 
solid–solid interaction, and sol–gel method [114-
118] and few were studied at low temperature CO 
oxidation. It is still a challenge to develop high 
surface area and porous CuO–Fe2O3 composite ma-
terials for the anticipation of enhancing catalytic 
performance. A series of mesoporous CuO–Fe2O3 
composite oxide catalysts with different CuO con-
tents were prepared by a surfactant-assisted method 
of nanoparticle assembly [119]. These mesoporous 
CuO–Fe2O3 catalysts possess a wormhole-like me-
sostructure with a narrow pore size distribution and 
high surface area, exhibiting high catalytic activi-
ty and stability for low-temperature CO oxidation. 
The catalytic behavior depended on the CuO con-
tent, the precalcination temperature, the surface area 
and the particle size of the catalysts. Catalyst 50% 
CuO–50% Fe2O3, which is of amorphous nature and 
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has the highest surface area(3–4 nm, surface area of 
299 m2/g), exhibits the highest catalytic activity of 
the total CO oxidation temperature at 110 ºC. 

Cu-Zn-O

Copper/zinc mixed oxide catalysts have been 
prepared using co-precipitation by varying the age-
ing time in the precipitation liquor [120]. The cata-
lysts were studied for the oxidation of CO at ambient 
temperature. All the catalysts exhibited appreciable 
CO oxidation activity. It is shown that the ageing 
time is important in controlling the catalytic activity. 
The most active catalysts were aged for 165 min. 
Correcting catalyst activity for the effect of surface 
area demonstrated that catalysts aged <60 min had 
the greatest oxidation rates. The calcined catalysts 
were all comprised of CuO and ZnO. The origin of 
the high activity for the CuO/ZnO catalysts prepared 
with short ageing times is not clear, but it appears 
that, the highly dispersed CuO and ZnO, and the 
presence of solid solution phases formed during the 
controlled precipitation and ageing process are im-
portant.

Cu-Zn-Ce-O

Copper-zinc oxide catalyst is prepared by co-pre-
cipitation technique [121]. The effects of aging the 
precipitate in the parent solution and addition of 
CeO2 are investigated. CuO-ZnO catalyst contain-
ing 60% CuO and 40% ZnO is found to be active 
for the ambient temperature oxidation of CO; how-
ever the activity can be improved considerably by 
aging the catalyst during the precipitation process. 
Alternatively, the catalyst activity can be improved 
by the addition of CeO2 during the precipitation 
without aging the precipitate. X-ray photoelectron 
spectra (XPS) and XRD results show that aging the 
catalyst during the precipitation process brings out 
more ZnO to the surface leading to higher CuO dis-
persion. This leads to the formation of relatively less 
crystalline or amorphous CuO that promotes the for-
mation of more linear or weakly bonded CO on the 
catalyst surface as well as the creation of CuOx spe-
cies under redox conditions. The metastable copper 
oxide species is a good electrophilic reagent with 
superior oxygen transfer capacity and the presence 
of weakly bonded surface CO ensures a low tem-
perature oxidation activity for the catalyst. It is fur-
ther seen that addition of ceria to the catalyst also 
brings out similar advantages. However, increase in 
the CeO2 content increases the CO bonding strength 
causing an increase in the light-off temperature (loss 
of low temperature oxidation activity), in spite of 

high overall reducibility and CO adsorption capacity 
of the catalyst. The reducibility and susceptibility to 
variation in the oxidation states of copper oxide are 
critical to the activity of the catalyst. It is also found 
that addition of CeO2 brings out a significant im-
provement in the catalyst stability over an extended 
reaction period as well as at elevated reaction tem-
perature. In a nutshell, the main factors responsible 
for the superior performance of the catalysts appear 
to be: the surface morphology, the dispersion of cop-
per oxide, the redox properties of the oxide and the 
ability to achieve a partially reduced state of copper 
oxide phase at the interface.

Cu-Ce-O 

Metal-ceria systems are several orders of mag-
nitude more active than other oxide supported cata-
lysts for various redox reactions because of the high 
oxygen storage capacity and reducibility of ceria. 
The CuO/CeO2 system is a promising catalyst for 
CO oxidation, because it has a specific activity that 
is several orders of magnitude higher than that of 
conventional Cu-based catalysts and which is com-
parable or even superior to the activity of Pt-based 
catalysts [94, 95, 122-124]. Cu–Ce–O composite 
catalysts have received considerable attention for 
CO oxidation in recent years [98, 125-130]. The 
Ce20Cu5Ox sample exhibited poor catalytic perfor-
mance for CO oxidation in comparison with the oth-
er catalysts, and showed complete CO conversion 
at 110 ºC. It can be observed that the addition of 
a small amount of Ni led to a large increase in the 
catalytic activity for the reaction at low temperature. 
With increasing nickel content, the catalytic activi-
ty was initially increased and attained a maximum 
when the Cu/Ni atomic ratio was 5:0.4. However, 
with a further increase in nickel content, the cata-
lytic activity decreased. The Ce20Cu5Ni0.4Ox cata-
lyst presented the highest catalytic activity for CO 
oxidation. Its temperature at which the complete 
oxidation of CO occurred was lower than those for 
the other catalysts, and it showed complete CO con-
version at 70 ºC. A urea combustion method or SCS 
was used for the preparation of the Cu–Ce–O nano-
catalyst without the need for a binder or additional 
calcination steps [131]. The catalytic performance 
of the catalyst for preferential oxidation of CO was 
investigated under dry and humid feed gas condi-
tions, and the catalyst was also examined for CO 
removal at the operating temperature of the PEMFC 
anode. A 99.3% CO conversion CO conversion and 
75% selectivity for CO2 could be achieved at 130 ºC 
in the presence of H2O and CO2. CeO2 nano-crys-
tals were synthesized by a sol–gel process and then 
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used as support for CuO/CeO2 (sol–gel) catalysts 
prepared via the impregnation method [132]. XPS 
analysis indicated the presence of reduced copper 
species in the CuO/CeO2 catalysts. TPR showed that 
there are different copper species in the catalysts. 
The influence of calcination time, temperature and 
CuO loadings on the catalytic activity of CuO/CeO2 
catalysts has been studied. The CuO/CeO2 (sol–gel) 
catalysts exhibited higher catalytic activity (100% 
CO conversion at 90 ºC) than the CuO/CeO2 (com-
mercial) catalysts. The difference in CeO2 particle 
size, morphology and surface area affected the dis-
persion of CuO on the catalysts, which was respon-
sible for the difference in their catalytic activity. The 
sol–gel combined with the impregnation method ap-
pears to be a simple and effective method for the 
preparation of CuO/CeO2 catalysts.

SCS CuO promoted CeO2–MxOy (M = Zr, La, Pr 
and Sm) catalysts 

A series of copper oxide promoted CeO2–MxOy 
(MxOy = ZrO2, La2O3, Pr2O3 and Sm2O3) mixed 
oxides were synthesized by a microwave-assist-
ed solution combustion method using urea as the 
fuel and the respective metal nitrates as the pre-
cursors. XPS studies confirmed the presence of ce-
rium in both Ce3+ and Ce4+ oxidation states in all 
mixed oxides. All the doped mixed oxides exhib-
ited better CO oxidation activity compared to the 
undoped copper–ceria catalysts. The significance of 
the combustion synthesis method has been in that 
it includes simplicity, flexibility and the control of 
different  favorable factors. All the doped catalytic 
materials showed an improvement in the CO oxi-
dation activity compared to the Cu/CeO2 catalyst. 
Among all the catalysts, Zr4+ doped Cu/CeO2 ex-
hibited excellent catalytic performance followed by 
Sm3+, Pr3+ and La3+-doped Cu/CeO2 catalysts. 100% 
of CO conversion was achieved by the microwave 
assisted SCS synthesis 5 wt.% Cu/CeO2–ZrO2 
100 ºC [19]. 

A glycine-nitrate approach of SCS method was 
used for the synthesis of Co/CeO2 nanoparticle for 
preferential oxidation of CO. A precursor solution 
was prepared by mixing glycine with an aqueous 
solution of blended  nitrate in stoichiometric ratio 
[18]. Then the glycine-mixed precursor solution was 
heated in a beaker for producing nanosized porous 
powders. Catalytic properties of the powders were 
investigated and results illustrate that the Co-load-
ing of 30 wt.% catalysts exhibit excellent catalytic 
properties (100% CO conversion at 150 ºC). It is 
also found that the optimal Co and Ce ratio is essen-
tial to obtaining a good catalyst, and excess cobalt 

loading can lead to the decrease in catalytic activity 
due to the poor dispersion of active species. The Co/
CeO2 prepared by glycine-nitrate combustion meth-
od (SCS) with optimum element component and 
precondition shows the excellent catalytic proper-
ties for CO oxidation reaction, which is ascribed to 
the high dispersity and good reducibility of Co3O4 as 
well as the formation of hexagonal Co/CeO2 via Ce-
Co interaction. The SCS method was found to be a 
simple, fast and effective method for the preparation 
of catalysts.

Cu-Ce-Ti-O

A series of CuO/Ce1−xTixO2 catalysts used for 
low-temperature CO oxidation were prepared by 
impregnation with the support derived from sur-
factant-assisted co-precipitation. It is found that 
the support CeO2, prepared by the surfactant-assist-
ed method, possesses a much larger specific sur-
face area than the one obtained from conventional 
precipitation [133]. Doping Ti in the support with 
Ti/Ce atomic ratio of 1:9 or 3:7 can further increase 
the surface area of CeO2 and decrease its crystal-
lite size. As a result, the active Cu species possess 
higher dispersion on the support Ce1−xTixO2 than on 
pure CeO2. The strong interaction between the dis-
persed Cu species and the support Ce1−xTixO2 makes 
the catalysts possess much higher oxidation activity 
and thermal stability. Ti doping in the support CeO2 
can further increase its surface area and decrease the 
crystallite size of CeO2 due to the formation of Ti–
Ce oxide solid solution. However, the atomic ratio 
of Ti/Ce is sensitive to the dispersion of Cu species 
and its reducibility. The proper ratio of Ti/Ce should 
be 1:9 or 3:7, which ensures the presence of a more 
highly dispersed copper species strongly interacting 
with CeO2, and therefore enhances the oxidation ac-
tivity of the catalysts. The best result received by 
the CuO/Ce0.7Ti0.3O2 catalyst: 100% CO conversion 
at 80 ºC.

Ni promoted CuO/CeO2 

In CeO2, the facile Ce4+/Ce3+ redox couple gives 
a high oxygen storage capacity (OSC) by the revers-
ible addition and removal of oxygen in the fluorite 
structure of ceria. It has been observed that the re-
dox property of Ce1-xMOy solid solutions, formed by 
incorporating other metal ions into CeO2, is better 
than that of CeO2 alone. This suggested the use of 
Ni2+ cations with a smaller size that can be incorpo-
rated into the cubic lattice to form a solid solution 
and help the change of Ce4+ to Ce3+. In addition, it 
is also possible that Cu ions can have a more facile 
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redox behavior during oxidation and reduction os-
cillations from the introduction of NiO. A series of 
Ce20Cu5NiyOx catalysts for CO oxidation at low tem-
perature was prepared [134]. Ce20Cu5NiyOx catalysts 
with different nickel contents were prepared by the 
reverse coprecipitation method, which is a long, 
multistage process: Cu(NO3)2 • 3H2O, Ce(NO3)3 • 
6H2O, and Ni(NO3)2 • 6H2O were used as sources 
of Cu, Ce, and Ni, respectively. A mixed solution of 
weighed quantities of copper nitrate, cerium nitrate, 
and nickel nitrate was added to a solution of sodium 
hydroxide at a rate of 3–4 ml/min under vigorous 
stirring at 60 ºC. The pH value was adjusted to 9.7–
10 with sodium hydroxide to produce a precipitate 
suspension. Then, a small amount of L-glutamate 
sur-factant was added to the suspension after 5 min. 
The precipitate obtained was aged at 60 ºC for one 
hour under stirring and then filtered and washed with 
hot distilled water several times to remove excess 
ions, followed by drying at 110 ºC for 4 h. The dried 
material was crushed and calcined in air at 350 ºC for 
3 h to give the final powder Ce20Cu5NiyOx catalyst. 
Ce20Cu5Ni0.4Ox exhibited the highest catalytic ac-
tivity. The addition of NiO increased the amount of 
copper ions doped into the CeO2 matrix and gave 
more oxygen vacancies in ceria by the formation of 
a Ni-O-Ce solid solution. XPS results showed that 
large quantities of Cu+, Ce3+, and lattice oxygen ex-
isted in the fresh Ce20Cu5Ni0.4Ox catalyst. Cu+ ions in 
the catalyst can easily migrate to the ceria lattice to 
form a Cu-O-Ce solid solution, which enhance the 
release of the lattice oxygen of the oxides under a 
reducing atmosphere. The high catalytic activity of 
Ce20Cu5Ni0.4Ox is due to the promoter giving in-
creased amounts of Cu+ in the catalyst and the 
formation of solid solutions of both Cu-O-Ce and 
Ni-O-Ce. 

Co3O4 

Cobalt oxide (Co3O4) is very attractive for the 
preparation of oxidation catalysts because of the 
presence of mobile oxygen in Co3O4 [135-140]. The 
high activity of Co3O4 on CO oxidation is likely to 
be due to the relatively low ΔH of vaporization of O2 
[141, 142]. This means that the Co–O bond strength 
of Co3O4 is relatively weak, so reactive oxygen can 
easily be obtained from the lattice oxygen. Thus, 
many researchers have measured the catalytic activ-
ity of Co3O4 for CO oxidation [143].

Among the metal oxides, tricobalt tetraoxide is 
the most active for CO oxidation [144, 145], but is 
severely deactivated by trace amounts of moisture 
(about 3–10 parts per million, p.p.m.) that are usual-
ly present in the feed gas. In fact, under dry condi-

tions with a moisture content below 1 p.p.m., which 
can be obtained by passing the reaction gas through 
molecular-sieve traps cooled to dry-ice temperature, 
Co3O4 is intrinsically active for CO oxidation [146, 
147] even below a temperature of –54 ºC. However, 
in normal feed gas, most of the active sites of Co3O4 
are covered by H2O so the adsorption of CO and ox-
ygen is appreciably hindered. 

In [148] it is reported that tricobalt tetraoxide 
nanorods not only catalyse CO oxidation at tem-
peratures as low as –77 ºC but also remain stable 
in a moist stream of normal feed gas. High-resolu-
tion transmission electron microscopy demonstrates 
that the Co3O4 nanorods predominantly expose their 
{110} planes, favouring the presence of active Co3+ 
species at the surface. Kinetic analyses reveal that 
the turnover frequency associated with individual 
Co3+ sites on the nanorods is similar to that of the 
conventional nanoparticles of this material, indicat-
ing that the significantly higher reaction rate that ob-
tained with a nanorod morphology is probably due 
to the surface richness of active Co3+ sites. These 
results show the importance of morphology control 
in the preparation of base transition-metal oxides as 
highly efficient oxidation catalysts. Nanorod-shaped 
Co3O4 was prepared by the calcination of a cobalt 
hydroxide carbonate precursor obtained by the pre-
cipitation of cobalt acetate with sodium carbonate 
in ethylene glycol. When cobalt acetate was mixed 
with ethylene glycol at 160 ºC, the –OCH2–CH2O– 
chain was tightly bound with the cobalt cations. The 
addition of aqueous sodium carbonate solution re-
sulted in the formation of a solid cobalt hydroxide 
carbonate incorporating ethylene glycol, having a 
nanorod-shaped structure with a diameter of 10–20 
nm and a length of 200–300 nm. Subsequent cal-
cination of this precursor at 450 ºC in air caused 
a spontaneous transformation of the morphology, 
forming Co3O4 nanorods with diameters of 5–15 nm 
and lengths of 200–300 nm. The CO oxidation reac-
tion was performed in a continuous-flow fixed-bed 
quartz reactor under atmospheric pressure. A 200 
mg (40-60 mesh) sample was loaded and pre-treated 
with a 20 vol.% O2/He mixture (50 ml min−1) at 450 
ºC for 30 min. After cooling to –77 ºC, a 1.0 vol.% 
CO/2.5 vol.% O2/He mixture (50 ml min−1) was in-
troduced. Dry conditions were obtained by passing 
the feed gas through a molecular-sieve trap cooled 
to dry-ice temperature. Kinetic measurements were 
conducted at –86 to –56 ºC with feed streams of 
0.5–1.2 vol.% CO and 1.0–5.1 vol.% O2 balanced 
with He, and the CO conversions were adjusted to 
below 15% by varying the hourly gas space velocity 
to calculate the reaction rates under differential re-
actor conditions.
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The nanocrystalline Co3O4 catalysts were pre-
pared [149] via wet-chemical precipitation and  dry-
solid-state reaction, respectively. To assess the suit-
ability of such Co3O4 as an oxidation catalyst, CO 
oxidation was taken as model reaction. The best cat-
alyst was obtained by a dry grinding route calcined 
at 300 ºC, showing the 50% conversion of CO at 
−92 ºC, under a stream of normal feed gas contain-
ing moisture. Comparing the reaction rate per cobalt 
oxide mass unit at room temperature (ca. 1.53 mmol 
g−1 s−1) with the Au-based catalyst in the current lit-
erature confirmed the exceptionally high activity of 
these new materials.

A nanocrystalline cobalt oxide (Co3O4)-based 
catalyst formed by heating a basic cobalt(II) carbon-
ate precursor in air at 250–300 ºC has been shown 
to exhibit much greater catalytic activity than Co3O4 
calcined at higher temperatures [150]. In a highly 
exothermic reaction, the properly calcined catalyst 
rapidly oxidizes carbon monoxide to carbon dioxide 
at room temperature. The observation of a CO band 
at 2006 cm−1 (FT-IR) indicates that CO is adsorbed 
onto cobalt atoms in a low oxidation state. The high-
est catalytic activity appears to be achieved when 
a specific ratio of Co(II) to Co(III) is found on the 
surface and the particle size is small (i.e., the surface 
area is large).

Co3O4/Al2O3

Alumina-supported Co3O4 was reported to give 
50% CO conversion at –63 ºC for a normal feed gas, 
but the CO conversion was obtained with a transient 
method [151] not at steady state. Co3O4 nanorods 
can be steadily active for CO oxidation at a tempera-
ture as low as –77 ºC, giving 100% CO conversion, 
and are quite stable even under a stream of normal 
feed gas containing moisture [148]. 

Co3O4-CeO2

The modification of ceria (CeO2) on high sur-
face area cobalt oxide (Co3O4) and the promotion 
effect of CO oxidation via different pretreatment 
conditions were studied. The high-valence cobalt 
oxide was prepared first by precipitation-oxidation, 
followed by reduction at 230 ºC to get a pure and 
high surface area of cobalt oxide (S = 100 m2 g-1). 
Further, the Ce-Co catalyst was prepared by impreg-
nation with cerium nitrate (20% cerium loading) on 
Co3O4. Pretreatment of Ce-Co catalyst was divided 
into two methods: reduction (under 200 and 400 ºC) 
and calcination (under 350 and 550 ºC). The results 
showed that pretreatment under low-temperatures 
obtained both larger surface area and better activity. 

The Ce-Co catalyst exhibited the best catalytic ac-
tivity in CO oxidation with T50 (50% conversion) 
at 88 ºC, T100 at 130 ºC among a series of catalysts 
due to the combined effect of cobalt oxide and ceria. 
The optimized pretreatment of CeO2/Co3O4 catalysts 
can clearly enhance the catalytic activity [152].

Cu-Cr-O 

Many works [153-155] reported that copper 
chromite is the best-suited catalyst for CO oxidation. 
Shelef et al. [154] reported that copper chromite is 
the best-suited catalyst for this reaction among the 
series: CuCr2O4 > Co3O4 > Fe2O3 > MnO > NiO > 
Cr2O3 > V2O5. Solovev and Orlik [156] compared 
the copper chromite with other catalysts and ar-
ranged them by order of decreasing activity: Cu-
Cr2O4 > CuCo3O5 > Co3MnO6 > CuMnO3. Stegenga 
et al. [157] reported that Cu-Cr oxide-based con-
verters are superior to precious metal-based devices 
for CO oxidation. Murthy and Ghose [158] studied 
oxidation of CO on Mg- and Al-substituted CuCr2O4 
spinel catalysts at atmospheric pressure and tem-
peratures between 100–450 ºC and found the best 
mass activity for an un-substituted CuCr2O4. The ac-
tivity of CuCr2O4 catalysts is noticeably higher than 
that of individual oxides; complete CO oxidation 
on the catalyst was reached at 157 ºC, which shows 
the synergetic effect between copper and chromium 
in the mixed oxides. Thus, among non-noble met-
als, copper chromite is found to be most promising 
and exhibits comparable activity for CO oxidation 
to that of precious metals. Further, low cost, easy 
availability and advance synthesis methods with sta-
bilizer, promoter, etc. advocates for the use of cop-
per chromite as an auto exhaust purification catalyst. 
There is a lot of literature available on copper chro-
mite catalysts for CO oxidation [159] including SHS 
Cu-Cr-O catalysts [12, 160]. It can be proposed to 
thoroughly investigate unsupported as well as sup-
ported CuCr2O4-CeO2 nano-sized catalysts for fu-
ture applications of CO oxidation.

Fe-Co nanocatalysts

There are many methods to prepare nano-sized 
Fe-Co mixed oxide, such as mechanical milling 
[161, 162], water-in-oil microemulsions [163, 164], 
bubbling oxygen [165], co-precipitation using mi-
crowave heating [166], hydrothermal methods 
[167], sol gel-like technique [168] simple co-precip-
itation in an aqueous solution [169], and mechano-
chemical [162]. Among all of the above mentioned 
methods, co-precipitation in aqueous solutions is 
the simplest and most compatible one under indus-
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trial conditions in order to prepare large amounts 
of mixed oxides, but even this method is long and 
multi-stage. For example, in [27, 170] low tem-
perature CO oxidation over iron–cobalt mixed ox-
ide nanocatalysts with different Co/Fe molar ratios 
was investigated. The nanocatalysts were prepared 
with a facile coprecipitation method. Mixed oxides 
containing iron and cobalt catalysts were provided 
by the coprecipitation method. In a typical prepa-
ration, firstly, Fe(NO3)3 • 9H2O (Merck, 98%) and 
Co(NO3)2 • 6H2O (Merck, 99%) with different mo-
lar ratios were dissolved in distillated water and 
the resulting solution was heated to 70 ºC. Then an 
aqueous solution of sodium carbonate (0.5 M) was 
added to mixed nitrate solution under continuous 
stirring at a rate of 2–3 ml/min at 70 ºC until pH 7.0 
was achieved. The resulting precipitate was aged at 
pH of 7.0 for 2 h and then filtered and washed with 
warm distilled water several times for removing ex-
cess ions. Afterwards, the precipitate was dried in 
air at 110 ºC for 16 h and finally calcined at 400 ºC 
in air atmosphere for 6 h with a ramp rate of 3 ºC/
min. The feed gas for oxidation contained 4% CO, 
20% O2 and 10% N2 balanced with He at gas hour-
ly space velocity (GHSV) of 60,000 ml/g h. Prior 
to measurements, catalysts were pretreated in 20% 
O2 balanced with He, at 200 ºC for 2 h. The activ-
ity tests were carried out at different temperatures, 
ranging from 25 to 325 ºC. The catalytic results 
showed that the addition of Co to iron oxide even 
in small amounts had a dramatic effect on increas-
ing CO conversion at lower temperatures. Results 
showed that for a given temperature, the conversion 
of CO decreased with an increase in GHSV, and 
the activity and stability of catalysts with introduc-
ing different feed compositions at 100 ºC are al-
most alike, but it can be seen that at temperature of 
130 ºC, an increase in the O2/CO ratio led to the 
increase of the CO conversion on the Fe–Co cata-
lyst, regardless of the CO concentration. This study 
shows that the stability of Fe–Co catalysts increases 
with the increase in the reaction temperature. 

Mn-Ce-Me nanocatalysts

Mn0.5Ce0.5O2 and Me/Mn0.5Ce0.5O2,(Me=Cu, Ag) 
catalysts were produced by the precipitation meth-
od. A 100% CO conversion was achieved on CeO2 is 
at 210 ºС, on MnOx at 120 ºС, on Mn0.5Ce0.5O2 at 92 
ºС, on Cu /Mn0.5Ce0.5O2 at 77 ºС, on Ag/Mn0.5Ce0.5O2 
at 85 ºС [171].

CeO2–Al2O3

Ceria has a high oxygen storage capacity and 

well-known catalytic and redox properties (couples 
of Ce4+/Ce3+), making more oxygen available for the 
oxidation process [172]. The most important prop-
erty is the oxygen storage and releasing capacity of 
CeO2 [173-176]. It improves CO oxidation and NOx 
reduction. As is also well known, CeO2 is a promoter 
additive [177-179]. Ceria-based mixed oxides such 
as CeO2–MnOx, CeO2–Al2O3, CeO2–ZrO2, etc. have 
been studied intensively as catalysts for exhaust gas 
treatment [180-186].

The catalytic oxidation of carbon monoxide over 
nanostructured CeO2–Al2O3 mixed oxide powders 
prepared by gel combustion method, using polyvi-
nylalcohol and metal nitrates as starting materials, 
was studied in [187]. The dependence of CO con-
version efficiency on Ce/Al molar ratio was also 
studied. The results showed that the bee’s nest-
like nanostructure with the pore wall consisting 
of CeO2–Al2O3 mixed oxide nanocrystals was ob-
served for samples calcined at temperatures in the 
range of 600–850 ºC. For the optimized sample with 
this nanostructure, an average grain size of 10 nm, 
an average pore size of 300 nm, a specific surface 
area of 87.5 m2/g, and a CO conversion efficiency as 
high as 99.7% at 160 ºC were obtained.

Conclusions

The development of active and stable catalysts 
without noble metals for low-temperature CO oxi-
dation at low temperatures is a significant challenge. 
Active nanocatalysts developed on the basis of no-
bel metals completely convert CO at temperatures  
even at below 0 ºC. Au/carrier catalysts have sim-
ilar results, even with 1-2% of Au concentration, 
which significantly reduces the cost of catalysts. On 
non-noble catalysts complete CO oxidation obtained 
on Mn0.5Ce0.5O2 at 77 ºС, Co3O4 nanorods can be 
steadily active for CO oxidation at a temperature as 
low as –77 ºC. The high activity of Co3O4 on CO ox-
idation is likely to be due to the relatively low ΔH of 
vaporization of O2. This means that the Co–O bond 
strength of Co3O4 is relatively weak, so easily reac-
tive oxygen can be obtained from the lattice oxygen.  
High activity of catalysts at low temperatures was 
connected with nanosize particles and high surface 
area. The Co-precipitation method  is considered to 
be prospective for industrial applications, but it is 
still a time consuming, multi-stage method. In this 
respect, solution combustion synthesis has definitely 
advantages by comparison to the  method, because 
of the very short time of preparation and simplicity. 
It can be proposed to investigate unsupported as well 
as supported CuCr2O4-CeO2 nano-sized catalysts for 
future applications of CO oxidation.
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This review summarize main directions of cata-
lyst improvement and can be helpful for challenging 
development of new low temperature nanocatalysts 
for CO oxidation.
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