
One-step synthesis of ternary nanostructured CuO/
Ti0.8Ce0.2O2 catalysts for low temperature CO oxidation

Jing Huang • Yanfei Kang • Taili Yang • Yao Wang •

Shurong Wang

Received: 17 February 2011 / Accepted: 7 June 2011 / Published online: 17 June 2011
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Abstract Ternary nanostructured CuO/Ti0.8Ce0.2O2 catalysts were prepared by a

one-step surfactant-assisted method of nanoparticle assembly. The textural and

structural properties of the CuO/Ti0.8Ce0.2O2 catalysts were characterized by XRD,

TGA, BET, XPS and H2-TPR. Their catalytic performance for low-temperature

CO oxidation was studied by using a catlab system. CuO supported on binary

Ti0.8Ce0.2O2 support showed higher catalytic activity than CuO supported on single

CeO2 or TiO2 support. The calcination temperature had a remarkable influence on

the catalytic activity of the CuO/Ti0.8Ce0.2O2 catalysts. The CuO/Ti0.8Ce0.2O2 cat-

alyst calcined at 500 �C exhibited the highest catalytic activity with T50% and T100%

at 82 and 123 �C, respectively. According to the XRD, BET and H2-TPR analyses,

the higher surface areas and more highly dispersed small particle size CuO should

be responsible for the high catalytic activity of catalysts.

Keywords CuO/Ti0.8Ce0.2O2 catalysts � Low temperature � CO oxidation �
One-step synthesis

Introduction

CO as a major toxic air pollutant, which is usually emitted by products of

combustion processes from industrial, transportation and domestic activities, is

always the central issue in the environmental protection field. A number of studies

have demonstrated that supported noble metal (such as Au and Pt) catalysts have

high catalytic activities for low-temperature CO oxidation [1, 2]. However, due to
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high prices and the scarcity of noble metals, attention has been given to search an

alternative catalytic component to reduce using or even replace the noble metals.

Transition metals supported on some metal oxides are good substitute catalysts

because of their low price and widespread use. Among them, copper-based catalysts

attract special interest due to their low price and greater activity compared to other

transition metals like Co, Ni, Cr, and Zn [3, 4]. Recent research has demonstrated

that highly dispersed CuO on reducible metal oxides such as TiO2 [5], a-Fe2O3 [6]

and CeO2 [7–10] has high activity for CO oxidation.

It is well known that CeO2 increases the dispersion of active components and its

most important property is to serve as an oxygen reservoir which stores and releases

oxygen via the redox shift between Ce4? and Ce3? under oxidizing and reducing

conditions [9, 10]. Furthermore, in order to increase the thermal stability and redox

property of the CeO2 support, some mixed oxides are prepared by adding anti

sintered oxides like TiO2 [11, 12]. Zhu et al. [11] have studied Pd supported on

CeO2–TiO2 mixed oxide catalyst for CO oxidation and found that the special Pd–

Ce–Ti interaction was favorable to the reduction of PdO and interfacial CeO2

species. Lamallem and co-workers [12] prepared the Au/Ce0.3Ti0.7O2 catalysts via

deposition, precipitation and impregnation methods, and found that the preparation

method or the choice of the precipitating agent has an important effect on the

activity of the gold-based catalyst.

In binary CuO/CeO2 catalysts, a strong catalytic synergy between CuO and CeO2

has ever been found [7–10]. However, as far as we know, little attention has been

paid to the ternary CuO/TixCe1-xO2 catalysts for low-temperature CO oxidation.

The supported catalysts are usually prepared by the two-step method [13, 14]. First,

the support is prepared by the sol–gel method or the co-precipitation method.

Second, the active component such as Au or CuO is supported on the support by the

impregnation method. However, after conventional impregnation, the surface area

decreases dramatically, probably due to partial porous blocking and enhanced

support crystallization.

Herein, the CuO/Ti0.8Ce0.2O2 catalysts are prepared by a simple, one-step

surfactant-assisted method of nanoparticle assembly. The textural and structural

properties of CuO/Ti0.8Ce0.2O2 catalysts are characterized by XRD, TGA, BET,

XPS and H2-TPR. The effect of the calcination temperature on the catalytic activity

of CuO/Ti0.8Ce0.2O2 is investigated. For comparison, the catalytic performance of

CuO/TiO2 and CuO/CeO2 prepared by the same method is also studied.

Experimental

Catalyst preparation

20 mol % CuO/Ti0.8Ce0.2O2 catalysts were synthesized using a one-step surfactant-

assisted method of nanoparticle assembly. At room temperature, 6 mmol cetyltri-

methylammonium bromide (CTAB) was dissolved in 200 mL distilled water under

ultrasound irradiation for 15 min, then 20 mmol Cu(NO3)2�3H2O and the appro-

priate amount of Ti(SO4)2 and Ce(NO3)4�6H2O were added under vigorous stirring.
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After 0.5 h, 0.2 mol/L NaOH was added gradually until the pH of the mixture was

10. After further stirring for 12 h, the suspension was aged at 90 �C for 3 h, washed

with hot water, dried at 80 �C for 8 h, then milled and calcined at different

temperatures (400, 500, 600, 700 and 800 �C, respectively) for 4 h in air. For

comparison, CuO/TiO2 and CuO/CeO2 were also prepared by the same method and

calcined at 500 �C.

Catalyst characterization

Thermogravimetric analysis (TGA, Mettler 851e) was performed with a heating rate

of 10 �C/min in a static air atmosphere, using a-Al2O3 as the reference. X-ray

diffraction (XRD) patterns were measured on a Philips XPERT MPD X-ray

diffractometer with Cu Ka radiation (k = 1.5418 Å) in a 2h range of 20–80�. The

specific surface areas were calculated following multi-point Brunauer–Emmett–

Teller (BET) procedure on a Micromeritics TriStar 3000 instrument at liquid N2

temperature. Temperature-programmed reduction (TPR) experiments were per-

formed in a mixture of flowing 5% H2 in Ar (30 mL/min) over 50 mg catalyst with

a heating rate of 10 �C/min. X-ray photoelectron spectra (XPS) were obtained on a

Kratos Axis Ultra Spectrometer with a monochromatic AlKa source (E = 1486 eV).

FT-IR spectra were recorded on a Shimadzu IRPrestige-21 spectrometer in

absorbance mode, by averaging 250 scans at 0.5 cm-1 resolution.

Catalytic activity

Temperature-programmed (light-off) reactions were carried out in a Hiden catlab

system. 50 mg catalyst was loaded into the quartz micro-reactor. The gas product

composition was analyzed using a Hiden quadrupole mass spectrometer (HPR20).

CO oxidation was studied under steady-state conditions, using a certified gas

mixture containing 1000 ppm CO and 10% O2 in N2(Praxair), at a constant flow rate

of 50 cm3/min.

Results and discussion

TGA was performed to study the thermal decomposition behavior of the as-

synthesized materials. Fig. 1 depicts the TG curve of the CuO/Ti0.8Ce0.2O2 catalyst

dried at 80 �C. It is clear that the weight loss is continuous starting at room

temperature and up to approximately 500 �C. Three sharp weight losses are

observed. The first weight loss from room temperature to 175 �C may be attributed to

desorption of non-dissociatively adsorbed water as well as water held on the surface

by hydrogen bonding. The second weight loss from 175 to 240 �C may be due to the

loss of water held in the pores and partial de-hydroxylation of the surface. The third

loss from 240 to 500 �C may result from the decomposition of the surfactant and the

combustion of carbon species. After 500 �C, the weight of the precursor no longer

changes, which indicates that the carbon species (surfactant molecules) in the sample

can be completely removed after calcination at 500 �C in air.
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Fig. 2 presents the XRD patterns of the prepared CuO/Ti0.8Ce0.2O2 catalysts

calcined in the temperature range from 400 to 800 �C, together with the CuO/TiO2

and CuO/CeO2 catalysts calcined at 500 �C.

In order to avoid any misconception of the phases formed in the mixed oxide

catalysts, XRD pattern of pure CuO has also been included in Fig. 2. The crystal

phase of TiO2 in CuO/TiO2 (Fig. 2a) contains both anatase and rutile. Moreover, the

CuO diffraction peaks at 2h = 35.5 and 38.6� can be observed clearly, indicating

larger particle size of bulk CuO. The reflections in the CuO/CeO2 sample well

correspond to the cubic, fluorite structure of CeO2. The lack of CuO peaks suggests

that CuO particles are amorphic, too small to be detected by XRD. The two CuO/
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Fig. 1 TG curve of CuO/Ti0.8Ce0.2O2 dried at 80 �C
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Fig. 2 XRD patterns of CuO (a), CuO/TiO2 (b), CuO/CeO2 (c) and CuO/Ti0.8Ce0.2O2 calcined at 400
(d), 500 (e), 600 (f), 700 (g), and 800 �C (h)
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Ti0.8Ce0.2O2 samples calcined at 400 and 500 �C exhibit very broad peaks due to

amorphous state, with only a little of anatase phase in the sample calcined at

500 �C. According to the literature data [13, 15], this result means that the addition

of a small amount of CeO2 into TiO2 inhibits the transition phase of TiO2 from

anatase to rutile. On the other hand, no distinct characteristic reflections of the CuO

structure are present in the two samples, which may be due to high dispersion of

CuO nanoparticles with too small particle sizes to be identified by the conventional

XRD method. When the sample was calcined at 600 �C, the cubic phase of CeO2,

both anatase and rutile phase of TiO2 can be clearly observed. Meanwhile, the CuO

diffraction peaks at 2h = 35.5 and 38.6� can also be observed clearly. As the

calcination temperature further increases, the CeO2, TiO2 and CuO crystalline peaks

all become sharper and sharper, indicating their particle sizes become larger and

larger. The average sizes of CuO particles (DCuO) were calculated by using the

Scherrer equation with the half width of the CuO reflection peak at 35.5�. The DCuO

in the CuO/Ti0.8Ce0.2O2 catalysts calcined at 600, 700 and 800 �C is 22.6, 32.4 and

45.2 nm, respectively.

The above XRD results are in good accordance with the information of specific

surface areas obtained for the CuO/Ti0.8Ce0.2O2 samples calcined at different

temperature (Table 1). By comparing the surface areas of the samples calcined

at different temperatures, it can be seen that the surface area decreases with the

increase of the calcination temperature. The CuO/Ti0.8Ce0.2O2 calcined at 400 �C

shows the largest surface area of 180 m2/g. However, the surface area sharply

declines to 70 m2/g when the calcination temperature increases to 600 �C, and drops

to only 2 m2/g at the calcination temperature of 800 �C. The results indicate that the

calcination temperature also plays an important role in affecting the surface areas of

the catalysts.

Fig. 3 shows typical H2-TPR profiles of CuO/TiO2, CuO/CeO2 and CuO/

Ti0.8Ce0.2O2 calcined at 500 �C. When the temperature was below 400 �C, the TPR

profile of CuO/TiO2 shows mainly two reduction peaks at about 204 and 228 �C.

Similarly, the TPR profile of CuO/CeO2 shows two reduction peaks at about 169

and 190 �C. The TPR profile of CuO/Ti0.8Ce0.2O2 shows two overlapping peaks

at about 175 and 186 �C. Compared to the pure CuO, which shows a single peak of

maximum hydrogen consumption at about 373 �C [16], the reduction peaks of

Table 1 Average sizes of CuO particles (DCuO), surface area, T50% and T100% of CuO/Ti0.8Ce0.2O2

catalysts calcined at different temperatures

Catalysts DCuO (nm) SBET (m2 g-1) T50% (�C) T100% (�C)

CuO/TiO2 (500) 30.1 91 163 300

CuO/CeO2 (500) – 105 102 144

CuO/Ti0.8Ce0.2O2 (400) – 180 92 180

CuO/Ti0.8Ce0.2O2 (500) – 145 82 123

CuO/Ti0.8Ce0.2O2 (600) 22.6 70 139 243

CuO/Ti0.8Ce0.2O2 (700) 32.4 21 175 274

CuO/Ti0.8Ce0.2O2 (800) 45.2 2 193 317

One-step synthesis of ternary nanostructured CuO/Ti0.8Ce0.2O2 153

123



copper species in our case are much lower. This may be due to the synergistic

effects between CuO and the supports which were promoting the reduction of CuO.

Meanwhile, the reduction peaks of copper species in CuO/CeO2 and CuO/

Ti0.8Ce0.2O2 are lower than that of CuO/TiO2. According to the literature [17–19],

the lower temperature a peaks at 169 and 175 �C are ascribed to the reduction of

highly dispersed CuO interacting strongly with the support, which are regarded as

the active sites for CO oxidation, the higher temperature b peaks at 186, 190 and

204 �C are assigned to the reduction of larger CuO particles less associated with the

support, and the high temperature c peak at 228 �C in the CuO/TiO2 sample is

ascribed to the reduction of bulk CuO which associated with TiO2 to some extent.

The higher reduction peaks (d1, d2 and d3) result from the reduction of the supports.

The d1 reduction peak centered at 460 �C in the CuO/TiO2 sample may be due to the

reduction of oxygen on the TiO2 surface and the reduction of TiO2 interacting with

CuO [20]. The weak d2 reduction peak centered at 750 �C in the CuO/CeO2 sample

may be assigned to the reduction of bulk-phase lattice oxygen in the CeO2 support

[21, 22]. The d3 reduction peak centered at 500 �C in the CuO/Ti0.8Ce0.2O2 sample

may be attributed to the reduction of the surface capping oxygen ions on the

Ti0.8Ce0.2O2 support and the reduction of the support interacting with CuO [12, 20].

XPS was performed to illuminate the surface composition of the studied metal

oxides and to acquire detailed information on the chemical states of the cations and

anions. XPS analysis reveals the presence of Cu, Ti, Ce and O on the surface of the

CuO/Ti0.8Ce0.2O2 catalyst calcined at 500 �C. The surface composition of the CuO/

Ti0.8Ce0.2O2 catalyst is estimated by XPS. The surface atomic contents of Cu, Ti

and Ce are 7.20, 22.66 and 5.71%, in order. The surface atomic ratio of Cu/

(Cu ? Ti ? Ce) is 0.202, which is approximately consistent with the nominal

atomic ratio (0.20). The spectra of Ce3d, Ti2p and Cu2p binding energies are

presented in Fig. 4. In Fig. 4a, the Ce3d spectrum shows five peaks at about 881.9,

888.9, 897.8, 900.5 and 907.7 eV. The principal peaks of Ce3d3/2 and Ce3d5/2 are

centered at about 900.5 and 881.9 eV, respectively. The difference between the

principal binding energies for Ce3d3/2 and Ce3d5/2 is in agreement with the expected

value of 18.6 eV, indicating the main valence of Ce atom was ?4 [23, 24]. Two

weak peaks at about 883.0 and 903.7 eV are the characteristic peak of Ce2O3,

proving the existence of the Ce4?/Ce3? re-dox couple in the CuO/Ti0.8Ce0.2O2

catalyst. The weak characteristic peaks of Ce2O3 in XPS spectra and no crystallite

peaks due to Ce2O3 in XRD pattern indicate the low Ce2O3 content in the CuO/

Ti0.8Ce0.2O2 catalyst.

The peaks of Ti2p1/2 and Ti2p3/2 are centered at about 463.9 and 458.2 eV,

respectively (Fig. 4b). The binding energy difference between the Ti2p1/2 and

Ti2p3/2 photoemission feature is 5.7 eV. This value is in excellent agreement with

the reported value of Ti4? [25]. In Fig. 4c, the peaks centered at about 932.5 and

952.5 eV represent the Cu2p3/2 and Cu2p1/2, respectively. Avgouropoulos and

Ioannides [26] reported that the presence of shake-up peaks (about 939–944 eV)

and a higher Cu2p3/2 binding energy (about 933.0–933.8 eV) are two major XPS

characteristics of CuO, while a lower Cu2p3/2 binding energy (about 932–933 eV)

and the absence of the shake-up peak are the characteristics of reduced copper

species. In the case of the catalyst spectra, the Cu2p3/2 spectra contain a shake-up
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peak at 938–944 eV, which indicates Cu2? species exist in the catalyst. Meanwhile,

the lower Cu2p3/2 binding energy suggests the presence of reduced copper species in

the catalyst. However, it is less convincing to distinguish between Cu2O and Cu0

because the Cu2p3/2 binding energies and peak shapes of Cu2O and Cu0 are

essentially identical [27]. The formation of the reduced copper species may result

from strong interaction of copper oxide with the support [28] or may occur under the

procedure of XPS measurement [29].

Fig. 5 shows the FT-IR spectrum of CO adsorbed on the CuO/Ti0.8Ce0.2O2

catalyst (calcined at 500 �C) at room temperature. One strong band with good

symmetry can be clearly observed at 2123.3 cm-1. It is well-known that the bands

in the 2110–2143 cm-1 region are assigned to Cu?–CO surface complexes, while

the band at 2097 cm-1 is assigned to Cu0–CO. Meanwhile, Cu2?–CO species are

reported to be unstable at room temperature, and are observed only at low

temperatures or at high CO pressures [30]. Accordingly, the band at 2123.3 cm-1 is
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assigned to the stretching mode of CO adsorbed on Cu?, indicating the existence

of Cu?. Therefore, combining the result of XPS, it is suggested that both Cu2? and

Cu? species coexist in CuO/Ti0.8Ce0.2O2 catalyst.
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The light-off curves of the CuO/Ti0.8Ce0.2O2 catalysts calcined at different

temperatures are presented in Fig. 6. It can be observed that CO conversion

increases with the increase of reaction temperature for all the prepared catalysts.

The temperature of 50 and 100% CO conversion (T100% and T100%) of the CuO/

Ti0.8Ce0.2O2 catalysts are listed in Table 1. The catalytic activity of the CuO/

Ti0.8Ce0.2O2 catalysts increases with the increase of calcination temperature from

400 to 500 �C, but decreases from 500 to 800 �C. The catalyst calcined at 500 �C

with higher surface area and smaller particle size exhibits the highest catalytic

activity on CO oxidation with T50% and T100% at 82 and 123 �C, respectively. The

catalyst calcined at 800 �C, having the lowest surface area of 2 m2/g and the largest

particle size, shows the lowest activity with T50% at 193 �C. The XRD and BET

analyses have revealed that the increase of calcination temperature made the

decrease of the surface areas and the increase of particle sizes. Thus, the observed

difference in the catalytic activities the CuO/Ti0.8Ce0.2O2 catalysts calcined at

different temperatures maybe due to the agglomeration of the catalysts, the decrease

of the surface areas, and the increase of the particle size with increasing the

calcination temperature. Specially, the catalyst calcined at 400 �C with the largest

surface area of 180 m2/g has high activity with T50% at 92 �C, however, which is

lower activity than the catalyst calcined at 500 �C. This can be explained well by

the TGA results. The carbon species (surfactant molecules) in the samples could be

completely removed after calcination at 500 �C in air. The large surface area can

provide a large surface to volume ratio, which is believed to enhance the catalytic

activity, but the remained carbon species in the catalyst calcined at 400 �C has a

negative effect on the improved catalytic activity.

For comparison purposes, the catalytic activities of the CuO/TiO2 and CuO/CeO2

catalysts calcined at 500 �C are included in Fig. 7, together with the CuO/

Ti0.8Ce0.2O2 catalysts calcined at 500 �C. CuO supported on binary Ti0.8Ce0.2O2

support shows higher catalytic activity than CuO supported on single CeO2 or TiO2
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Fig. 5 FT-IR spectrum of CO adsorbed on the CuO/Ti0.8Ce0.2O2 catalyst
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support. The enhancement of the catalytic activity of the ternary catalysts should be

attributed to a synergistic effect between CuO and the binary supports. Meanwhile,

the two CuO/Ti0.8Ce0.2O2 and CuO/CeO2 catalysts show much higher catalytic

activity than the CuO/TiO2 catalyst. The results are consistent with the XRD and

TPR analyses. In contrast to the two CuO/Ti0.8Ce0.2O2 and CuO/CeO2 catalysts, in

the XRD pattern of CuO/TiO2, the CuO diffraction peaks can be observed clearly,

indicating larger particle size of bulk CuO, which less contributes to enhanced

catalytic activity. Meanwhile, due to the addition of CeO2 into TiO2 inhibiting the

transition phase from anatase to rutile, the CuO/Ti0.8Ce0.2O2 sample exhibits very

broad peaks with only a little of TiO2 anatase phase, indicating the high dispersion

of the small particle size CuO nanoparticles on the surface of the support, which

should be responsible for the high catalytic activity of low-temperature CO

oxidation. From the H2-TPR analysis, the TPR profile of CuO/TiO2 shows no a
peaks due to the reduction of highly dispersed CuO interacting strongly with the

support, while the appearance of strong high temperature c reduction peak indicates

the existence of a large amount of bulk CuO which contributes little to the enhanced

catalytic activity. Therefore, the absence of the highly dispersed small particle size

CuO and presence of a large amount of bulk CuO with large particle size should be

responsible for the lower activity of CuO/TiO2. Similarly, the existence of highly

dispersed CuO in the two CuO/CeO2 and CuO/Ti0.8Ce0.2O2 catalysts contributes to

their high catalytic activity. However, one can easily find that the a peak in CuO/

Ti0.8Ce0.2O2 catalyst is evidently stronger than in the CuO/CeO2 catalyst, indicating

more highly dispersed CuO in the CuO/Ti0.8Ce0.2O2 catalyst, which results in higher

activity of CuO/Ti0.8Ce0.2O2 catalyst than the CuO/CeO2 catalyst.

In order to investigate the catalyst stability, we studied the variation of the

catalytic activity with the reaction time. Fig. 8 shows the conversion of CO over

the CuO/Ti0.8Ce0.2O2 catalyst calcined at 500 �C versus reaction time at the reaction

temperature of 125 �C. It can be found that the catalyst shows no change in catalytic
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activity and maintains 100% conversion of CO during the period of reaction

of 720 min. This demonstrates that the good catalytic stability is obtained for the

as-prepared CuO/Ti0.8Ce0.2O2 catalyst.

Conclusions

Ternary nanostructured CuO/Ti0.8Ce0.2O2 catalysts with high-surface areas have

been prepared by a one step surfactant-assisted method of nanoparticle assembly.

The CuO/Ti0.8Ce0.2O2 catalyst calcined at 500 �C with higher surface area and

smaller particle size exhibits high catalytic activity and good stability on CO

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
0

10

20

30

40

50

60

70

80

90

100

CuO/Ti
0.2

Ce
0.8

O
2

CuO/CeO
2

CuO/TiO
2

Temperature (oC)

C
O

 c
on

ve
rs

io
n 

(%
)

Fig. 7 Catalytic activity for CO oxidation of CuO/TiO2, CuO/CeO2 and CuO/Ti0.8Ce0.2O2 calcined at
500 �C

0 100 200 300 400 500 600 700
90

91

92

93

94

95

96

97

98

99

100

C
O

 c
on

ve
rs

io
n 

(%
)

Time (min)

Fig. 8 Conversion of CO over the CuO/Ti0.8Ce0.2O2 catalyst calcined at 500 �C versus reaction time

One-step synthesis of ternary nanostructured CuO/Ti0.8Ce0.2O2 159

123



oxidation with T50% and T100% at 82 and 123 �C. According to the XRD and BET

analyses, the decrease in catalytic activity of the CuO/Ti0.8Ce0.2O2 catalysts can be

attributed to the decrease of the surface areas and the increase of particle sizes with

the increase of calcination temperature. From the TGA result, the catalyst calcined

at 400 �C with the largest surface area of 180 m2/g has lower activity than the

catalyst calcined at 500 �C, which should be related to the existence of remained

carbon species which was not completely removed after calcination of 400 �C. CuO

supported on binary Ti0.8Ce0.2O2 support show higher catalytic activity than CuO

supported on single CeO2 or TiO2 support. In contrast to the two CuO/Ti0.8Ce0.2O2

and CuO/CeO2 catalysts, CuO/TiO2 shows much lower catalytic activity. According

to XRD and TPR analyses, absence of the highly dispersed small particle size CuO

and existence of a large amount of bulk CuO with large particle size should be

responsible for the lower activity of CuO/TiO2. Similarly, the existence of highly

dispersed CuO in the two CuO/CeO2 and CuO/Ti0.8Ce0.2O2 catalysts contributes to

their high catalytic activity. More highly dispersed CuO in the CuO/Ti0.8Ce0.2O2

catalyst than in the CuO/CeO2 catalyst results in more activity of CuO/Ti0.8Ce0.2O2

catalyst than the CuO/CeO2 catalyst.
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