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Abstract A series of aluminum promoted Cu/CeO2

nanocatalysts with aluminum content in the range of 0–

5wt.% were prepared by co-precipitation method and

examined with respect to their catalytic performance for

the water–gas shift (WGS) reaction. The catalysts were

characterized by XRD, BET, H2-TPR and cyclic voltam-

metry (CV) techniques. The results indicate that catalytic

activity increases with the aluminum content at first, but

then decreases with the further increase of aluminum

content. Hereinto, Cu/CeO2 catalyst doped with 1 wt.% of

aluminum shows the highest catalytic activity (CO con-

version reaches 84.4% at 200 �C) and thermal stability for

WGS reaction. Correlation to the results from above

characterization, it is found that the variation of catalytic

activity is in very agreement with that of the surface area,

the area of peak c (i.e., the reduction of surface copper

oxide (crystalline forms) interacted with surface oxygen

vacancies on ceria), and the area of peak C2 and

A1ðCu0 $ Cu2þ in cyclic voltammetry process), respec-

tively. Enough evidence was found for the fact that the

metallic copper (Cu0) interacted with surface oxygen

vacancies on ceria is the active site for WGS reaction over

Cu/CeO2 catalysts.
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1 Introduction

The water–gas shift (WGS) reaction, COþ H2O$
CO2 þ H2; was used industrially for the production of

hydrogen in synthesis of ammonia and adjusting the CO/H2

ratio for subsequent synthesis of methanol. In recent years,

the WGS reaction has become an interesting field again

because of its essential role in supplying hydrogen for fuel-

cell power generation [1], in which the traditional WGS

catalysts are unsuitable due to the harsh reaction conditions

[2]. Thus, there is a critical requirement for new and more

effective catalysts for WGS reaction. It has been reported

that the supported precious metal catalysts, such as Au/

CeO2 [3], Au/TiO2 [4], Au/Fe2O3 [5], Pd/CeO2 [6], Pt/

TiO2 [7], Pt/CeO2 [8], Rh/Fe2O3 [9] and so on, showed

high catalytic activity for the reaction. However, consid-

ering the high cost of the above precious metals or their

instability, more and more attention has been focused on

the base metal catalysts including copper.

Many studies [10–13] have shown that ceria-supported

copper catalysts exhibit highly activity for the WGS reac-

tion. Li et al. [10] recently reported that Cu-loaded ceria

catalyst (especially 5% Cu–Ce (La) Ox) retained highly

catalytic activity for the WGS reaction even at 600 �C,

with the feed gas only containing CO, H2O and inert gas. In

order to apply these catalysts in fuel-cell power generation,

Qi et al. [12] investigated the effect of H2 and CO2 on the

activity and stability of Cu–CeO2 catalysts for the reaction,

finding that both activity and stability of such catalysts

decreased when H2 and CO2 being added. Therefore, it is a

challenge work to find out a suitable catalyst for WGS

reaction at the presence of H2 and CO2.

To the best of our knowledge, few attempts have been

made to promote or stabilize Cu/CeO2 catalysts. Andreeva

et al. [14] reported that the addition of aluminum could
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improve the stability of Au/CeO2 catalysts for WGS

reaction. Yahiro et al. [15] reported a highly catalytic

activity of copper supported on c-aluminum for WGS

reaction. And several CeO2-doped CuO=c-Al2O3 catalysts,

which were prepared by wet impregnation method, were

evaluated for the CO oxidation [16], steam reforming of

methanol [17], NO+CO reaction [18] and so on. Whereas,

no work regarding the catalysts of copper oxide supported

aluminum-promoted ceria (prepared by co-precipitation)

for WGS reaction has been reported.

In this present work, aluminum was introduced to Cu/

CeO2 catalyst, with a co-precipitation method, to modify

its activity and stability. The results suggest that only small

doping (ca. 1 wt.%) of aluminum can increase the number

of active site (i.e., the metallic copper interacted with

surface oxygen vacancies on ceria) for WGS reaction and

subsequently show the highest catalytic performance. The

correlation of catalyst structure and catalytic performance

was investigated by XRD, BET, H2-TPR and CV tech-

niques. Especially, cyclic voltammetry (CV) was applied,

for the first time, to character the active site of the WGS

reaction over Cu/CeO2 catalysts and furnish enough

information for correlating catalytic activity.

2 Experimental

2.1 Preparation of Catalysts

A series of aluminum doped Cu/CeO2 catalysts with fixed

Cu content (30 wt.%, calculated as CuO) and a given

aluminum content (e.g., 0, 1, 3, 5 wt.%, calculated as

Al2O3Þ were prepared by parallel co-precipitation method.

The obtained samples were denoted as CCA0, CCA1,

CCA3 and CCA5, respectively. Stoichiometric amounts

of Cu(NO3Þ2 � 3H2O, Ce(NO3Þ3 � 6H2O and Al(NO3Þ3 �
9H2O were first dissolved in deionized water, then the

mixed aqueous solution were co-precipitated with an

aqueous solution of KOH, with vigorous stirring at

T = 80 �C and PH = 10 ± 1. A black suspension was

acquired and aged with continuous stirring at 80 �C for 6 h.

The resulting precipitate was centrifuged and washed by

deionized water for several times, then dried at 120 �C for

12 h and finally calcined at 650 �C for 4 h (heating rate

was 5 �C/min) in air.

2.2 Characterizations of Catalysts

Power XRD patterns of the as-synthesized samples were

recorded by a PANalytical X’ pert Pro diffractometer

equipped with Cu–Ka (k = 0.1541 nm) radiation operating

at 40 kV and 40 mA for 2h angles ranging from 25 to 75�.

The crystal size of ceria and copper oxide was determined

from the peak broadening by the Scherrer equation.

The BET surface area and pore volume were measured

on an NOVA 4200e instrument, at –196 �C using nitrogen

as adsorption gas. Prior to each analysis, the sample was

degassed at 250 �C for 3 h to obtain a residual pressure of

less than 10–5 Torr.

Temperature-programmed reduction (TPR) measure-

ment was carried out on an AutoChem 2910 instrument.

The H2-TPR was performed by passing 10% H2/Ar

(flowing rate = 30 mL/min) on 50 mg catalyst at a heating

rate of 10 �C/min. Prior to TPR, the samples were pre-

treated under a 10% O2/Ar mixture at 400 �C for 30 min.

Then the system was cooled to ambient temperature under

a pure Argon gas. The hydrogen consumption was moni-

tored using a thermal conductivity detector (TCD).

The cyclic voltammetry (CV) spectra were recorded at

ambient temperature using a CHI 611B potentiostat/gal-

vanostat with three-electrode cell configuration. About

10 mg of catalysts and 2 mg of carbon black (Vulcan XC-

72R) were suspended in 2 ml of ethanol and 30 lL of

Nafion solution to prepare catalyst ink. Then 25 lL of ink

was transferred with an injector to clean glassy carbon disk

electrode. After the ethanol volatilization, the electrode

was heated at 75 �C for 5 min. Sodium sulfate (0.05 M)

was used as the electrolyte solution. The counter and ref-

erence electrodes are Pt foil and Hg/Hg2SO4=H2SO4

(0.5 M), respectively. Prior to the measurement, the elec-

trolyte solution was degassed by bubbling with high pure

nitrogen (99.999%). The electrodes were cycled from +0.8

to –1.6 V at a scan rate of 10 mVs–1.

2.3 Evaluation of Catalytic Performance

The catalytic activities and thermal stabilities of the cata-

lysts for WGS reaction were tested in a fixed bed reactor at

atmospheric pressure. About 3 g of catalysts (20–40 mesh)

was placed between two layers of quartz granules inside a

stainless steel tube (i.d. = 12 mm). The experiment was

directly performed under a feed gas (25% CO, 50% H2, 8%

CO2 and balance N2) flowing at 100 mL/min without pre-

reduction. The ratio of vapor to feed gas was maintained at

1:1. The residual water of the outlet was removed by a

condenser before entering a gaschromatograh (102G)

equipped with a thermal conductivity detector (TCD). The

activity was expressed by the conversion of CO, defined as:

XCOð%Þ ¼ ð1� V0CO=VCOÞ � 100%=ð1þ V0COÞ, where

VCO and V¢CO are the inlet and outlet content of CO,

respectively. The catalytic activity was first measured from

200 to 400 �C, then kept at 400 �C for 10 h and decreased

to 180 �C, and finally increased to 300 �C to investigate

the thermal stability of the catalysts.
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3 Results and Discussion

3.1 Activity and Stability of Catalysts

Figure 1 depicts the WGS activities of the aluminum doped

Cu/CeO2 catalysts. The CO conversion increased with the

aluminum content at first (from CCA0 to CCA1), but then

decreased with the further increase of aluminum content.

The CO conversion reached the maximum at CCA1, with

the value of 84.4% at 200 �C, which is an increase of

11.8% comparing with that of CCA0 (75.5%).

Figure 2 shows the thermal stabilities of aluminum

doped Cu/CeO2 catalysts at 300 �C for WGS reaction. As

seen in Fig. 2a the CO conversion of CCA1 decreased from

90.2% to 86.5%, corresponding to the relative deactivation

of 4.1%, which is smaller than that of CCA0, CCA3 and

CCA5. It was observed from Fig. 2b that all the catalysts

deactivated slightly, but the present aluminum doping can

enhance thermal stability of CuO/CeO2 catalysts for WGS

reaction to some extent. Above all, CCA1 shows the

highest thermal stability among the catalysts.

3.2 Catalysts Characterizations

3.2.1 XRD Study of the As-Synthesized Catalysts

Figure 3 is the XRD patterns of the prepared samples. The

distinct fluorite oxide diffraction pattern of CeO2 and the

strong diffraction peaks of CuO were detected in all of the

samples. No obvious diffraction lines, ascribed to alumi-

num or alumina, were detected, which indicates that alu-

minum might entered the CeO2 frame or alumina was

highly dispersed in the catalysts. With the increase of

aluminum content, the cell parameter of CeO2 (111) is

Fig. 1 WGS activities of the aluminum doped Cu/CeO2 catalysts.

Feed gas: 25% CO, 50% H2, 8% CO2 and balance N2; Vapor–gas: 1:1

(mol); W/F = 1.8 g s cm–3

Fig. 2 Thermal stabilities of

aluminum doped Cu/CeO2

catalysts after the first

evaluation. (a) Comparison

between the first and second

initial activity at 300 �C (inset:

Relative deactivation of the

catalysts at 300 �C). (b) CO

conversion vs. time on stream at

300 �C. Note: After the first

evaluation, the samples were

successively exposed to the feed

gas at the given temperature

procedure (Keep at 400 �C for

10 h and then down to 180 �C,

and finally ramp to 300 �C)

Fig. 3 XRD patterns of as-synthesized aluminum doped Cu/CeO2

catalysts
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almost identical, indicating that the doping alumina was

highly dispersed in the catalysts rather than entered the

CeO2 frame, because of the small ion radius of aluminum

r3þ
Al ¼ 0:054nm; r4þ

Ce ¼ 0:092 nmÞ. As the doping concen-

tration of aluminum increases, the crystal size of CeO2

(111) decreased gradually (from 8.8 nm to 5.7 nm, see

Table 1), corresponding to the attenuating and broadening

of diffraction peaks of CeO2. Moreover, the crystal size of

CuO in CCA1, CCA3 and CCA5 are close to each other

and lower than that in CCA0 sample.

Xie et al. [19] reported the spontaneous monolayer

dispersion principle that many oxides and salts can disperse

spontaneously onto the surface of supports to form a

monolayer or submonolayer. Chen et al. [20] calculated the

dispersion threshold of many oxides and salts on the sup-

ports by the ‘‘Incorporation Model’’. The results indicate

that the dispersion threshold of alumina on the ceria is

0.0622 g/100 m2. Similarly, the dispersion threshold of

alumina on the as-synthesized catalysts is about 0.016 g/

1 g (i.e., 1.6 wt.%). The reason for the decrease of the

crystal size might be ascribed to that the doping alumina,

dispersed spontaneously onto the surface of the supports to

form the monolayer or submonolayer, prevented the

agglomeration of copper oxide and ceria. On the other

hand, the lattice strain of CeO2 (111) increased obviously

with the increase of aluminum content, while the variation

of lattice strain of CuO is minor and could be neglected,

indicating that the doping alumina has larger effect on the

CeO2 than the CuO. This suggests that the alumina dis-

perses primarily onto the surface of CeO2 rather than that

of CuO.

3.2.2 Texture of Catalysts

The texture properties of the catalysts are listed in Table 1.

BET surface area of fresh catalysts varied with the alu-

minum content, and reached the maximum at CCA1

(64 m2/g), which is an increase of 21% comparing with

that of CCA0 (53 m2/g). The largest surface area of CCA1

might be attributed to that the appropriate amount (smaller

than the dispersion threshold) of alumina, dispersed spon-

taneously onto the surface of CeO2, prevented the

agglomeration of copper oxide and ceria. While the

decreasing surface area of CCA3 and CCA5 are probably

due to that the excess alumina continued dispersing spon-

taneously onto the surface of CuO to form a copper alu-

minate surface phase and even form a few spinel species

(e.g. CuAl2O4Þ [21], which was also dispersed spontane-

ously to form the monolayer. It is found that the variation

of surface area has the same trend as that of catalytic

activity, indicating that the surface area has large effect on

the catalytic performance in the present case. Besides, the

surface area of used catalysts is smaller than that of the

fresh ones (e.g., 22% for CCA1), which suggests the in-

crease of particle size during the activity evaluation leads

to the deactivation of the catalysts.

3.2.3 H2-TPR

Figure 4 is the H2-TPR profiles of the samples. All the

curves are fitted into four peaks by Gauss–Lorentz method

as that in [22]. The peak positions and their contributions

are summarized in Table 2. According to literatures [23–

25], the peak a and peak b are attributed to the reduction of

non-crystalline copper oxide strongly interacting with

CeO2 and that of larger copper oxide particles weakly

associated with CeO2, respectively. The peak c is ascribed

to the reduction of surface copper oxide (crystalline forms)

which interacted with surface oxygen vacancies on ceria.

The peak d is due to the reduction of pure bulk crystalline

copper oxide, which does not associate with CeO2.

With the increase of aluminum content, the positions of

all peaks increase gradually. Moreover, among all these

peaks, the area of peak a and b is close to each other, while

the area of peak c reaches the maximum at CCA1 then

decreases at CCA3 and CCA5 comparing with CCA0. As

the aluminum content is smaller than the dispersion

threshold (1.6 wt.%) of the alumina on the ceria, the doping

Table 1 Physical properties of the as-synthesized catalysts

Catalysts SBETðm2=gÞ Pore volume (ml/g) Crystal size (nm)b Cell parameter (nm)c Lattice strain (%)d

Fresh Useda CeO2(111) CuO(111) aCeO2
CeO2(111) CuO(111)

CCA0 53 39 0.15 8.8 26.1 0.5405 1.566 0.413

CCA1 64 50 0.15 7.1 19.8 0.5403 1.678 0.473

CCA3 50 35 0.11 6.2 19.3 0.5399 1.922 0.489

CCA5 44 29 0.10 5.7 20.9 0.5398 2.211 0.483

a The catalysts undergone the activities and thermal stabilities test and were cooled to ambient temperature without feed gas
b Calculated from the peak at 28.6�, 35.6� for CeO2 (111), CuO (111) by the Scherrer equation, respectively
c Calculated from the peak at 28.6� by d2 ¼ a2/ðH2 þ K2 þ L2Þ equation depended on d-spacing
d Calculated from the peak at 28.6�, 35.6� for CeO2 (111), CuO (111), respectively

94 L. Li et al.

123



alumina dispersed spontaneously onto the surface of CeO2

to form the monolayer, prevented the agglomeration of

copper oxide and ceria and improved the mutual dispersion

degree between the crystal CuO and ceria, resulting in the

increase of the crystal CuO interacted with the surface

oxygen vacancies on ceria. Thus the area of peak c reaches

the maximum at CCA1. While the decreasing area of peak

c at CCA3 and CCA5 might be attributed to that the excess

alumina continued dispersing spontaneously onto the sur-

face of the crystal CuO and prevented the interaction be-

tween CuO and the surface oxygen vacancies on ceria.

Correlation to the catalytic activities, it is obviously to find

that the variation of peak c¢ area is well consistent with that

of catalytic activity, indicating that the area of peak c has

large effect on the catalytic activity. In other words, the

catalytic activity might be mainly affected by the number

of reducible surface copper oxide (crystalline forms) which

interacted with surface oxygen vacancies on ceria.

3.2.4 Cyclic Voltammetry

The redox abilities of aluminum doped Cu/CeO2 catalysts

and their effects on the catalytic performances were also

investigated with the aid of CV measurement, which was

reported to be a powerful characteristic means in hetero-

geneous catalysis [26]. The cyclic voltammograms of

copper species in aluminum doped Cu/CeO2 catalysts are

showed in Fig. 5. The voltammograms consist of two

cathodic (peak C1 and C2) and two anodic (peak A1 and

A2) peaks in the scan range of +0.8 to –1.6 V versus

Hg/Hg2SO4=H2SO4 (0.5 M). In order to designate the

peaks, the first step in the interpretation of cyclic voltam-

mograms is the calculation of the thermodynamic, revers-

ible potentials of all the possible reactions. The standard

potential can be calculated as Eh ¼ �DGh=nF: In the case

of copper oxides, some possible reactions are:

2CuOþ 2Hþ þ 2e ¼ Cu2O þ H2O

Eh ¼ 0:64V vs. SHE; at pH 7;Erev ¼ 0:23V vs. SHE

ð1Þ

Cu2Oþ 2Hþ þ 2e ¼ 2Cu þ H2O

Eh ¼ 0:47 V vs. SHE; at pH 7;Erev ¼ 0:06 V vs. SHE

ð2Þ

CuOþ 2Hþ þ 2e ¼ Cu þ H2O

Eh ¼ 0:56 V vs. SHE; at pH 7;Erev ¼ 0:15 V vs. SHE

ð3Þ

where the Erev is calculated as Erev ¼ Eh þ RT/nF ln ([Ox]/

[Red]) (Nernst’s equation). In the case of the peak C1 and

C2 of the CCA0 (Fig. 5a), the reversible potentials are

about 0.30 V and 0.15 V vs. SHE, in very good agreement

with the above Eq. 1 and 3. Actually, since a buffer was not

Fig. 4 H2-TPR profiles of the aluminum doped Cu/CeO2 catalysts.

Solid lines are experimental curves and dot lines are Gauss–Lorentz

fitted curves

Table 2 H2-TPR peak positions and concentrations of reducible species in aluminum doped Cu/CeO2 catalysts as determined by the Gauss–

Lorentz fit of TPR profiles

Catalysts TPR peak position (temperature �C) and concentration (%)a

Peak a Peak b Peak c Peak d

CCA0 140.1 (6.7) 182.1 (18.3) 210.9 (32.7) 228.8 (42.2)

CCA1 139.6 (6.6) 182.6 (18.0) 216.9 (51.3) 229.7 (24.1)

CCA3 147.0 (5.7) 182.3 (18.2) 216.5 (22.1) 236.8 (54.0)

CCA5 147.3 (7.3) 185.7 (18.2) 219.5 (16.1) 244.4 (58.4)

a Values in parentheses are the percent of each peaks area i.e. the contribution (%) of each species
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used, the approximate agreement is surprisingly good.

Therefore, the peak C1 is ascribed to the reduction of Cu2+

to Cu+, and the peak C2 is attributed to the reduction of

Cu2+ to Cu0 (the sum of Cu2+ to Cu+ and Cu+ to Cu0).

Correspondingly, the peak A1 is due to the oxidation of Cu0

to Cu2+, and the peak A2 is the oxidation of Cu+ to Cu2+. In

addition, the same CV measurement of pure CeO2 (pre-

pared as the same process) was also carried out, and there

is no peak in the cyclic voltammograms (the result was not

presented). Thus it is indicated that the Ce4þ=Ce3þ redox

couple dose not exist in the potential range studied.

The area of peak A1ðCu0 ! Cu2þÞ; which represents

the number of Cu0 participating in the Cu0 ! Cu2þ

reaction, reaches the maximum at CCA1 and then falls off

at CCA3 and CCA5 comparing with CCA0. Particularly

interesting is the finding that the variation of the peak area

has the same trend as that of catalytic activity, indicating

that the number of Cu0 participating in the Cu0 ! Cu2þ

reaction has large effect on the catalytic activity of WGS

reaction in the present case.

On the other hand, the oxidative and reduction potentials

for copper species in all cases are almost constant.

Furthermore, Zhu et al. [26, 27] reported that DE of cata-

lyst is not an intrinsic factor in deciding the catalytic

activity when there exists a reducing agent in the feed gas.

Similarly, we also consider that the DE of catalysts has less

effect on the catalytic activity of WGS reaction, in which

two reducing agents (CO and H2) were existed. Accord-

ingly, DE of catalysts will not be discussed in the present

case.

3.2.5 Active Site of Cu/CeO2 Catalysts for WGS Reaction

It is indicated above that the number of Cu0 has large effect

on the catalytic activity the WGS reaction. In order to

further confirm the relation between the metallic copper

and catalytic activity of WGS reaction, the tested sample

(CCA1), which reacted with feed gas under the condition

of WGS reaction at 200 �C for 3 h and then was protected

from oxidation with benzene and polystyrene, was mea-

sured by X-ray power diffraction. The quasi situ XRD

pattern of tested CCA1 is showed in Fig. 6. The distinct

fluorite oxide diffraction pattern of CeO2 and the strong

diffraction peaks of Cu were detected, while the diffraction

peaks of CuO disappeared and there was no diffraction

peaks of suboxide (e.g., Cu2O or Cu4O3Þ; indicating that

copper is present in the catalysts as metallic Cu under the

condition of WGS reaction. Based on this, it is deduced

that metallic copper (Cu0) is the active site of WGS reac-

tion carried out on Cu/CeO2 catalysts. Combining with the

Fig. 5 Cyclic voltammograms

of copper species in aluminum

doped Cu/CeO2 catalysts in

0:05 M Na2SO4 electrolyte at a

scan rate of 10 mV s–1. The

counter and reference electrodes

are Pt foil and

Hg/Hg2SO4=H2SO4 (0.5 M),

respectively. (a) CCA0; (b)

CCA1; (c) CCA3; (d) CCA5
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results from the H2-TPR, CV and activity characterization,

the metallic copper (Cu0) should derive from the reduction

of surface copper oxide (crystalline forms) interacted with

surface oxygen vacancies on ceria, and hence, we con-

cluded that it is the metallic copper (Cu0) interacted with

surface oxygen vacancies on ceria that plays a decisive role

in the WGS reaction, which is very consistent with the

results reported by Wang [28].

4 Conclusions

Cu/CeO2 catalysts doped by aluminum (0, 1, 3, 5 wt.%)

prepared by co-precipitation were evaluated for WGS

reaction. The results indicate that as aluminum doping is 1

wt.%, the catalyst has the largest surface area and shows

the highest catalytic activity and thermal stability. The area

of the reductive peak c (i.e., the reduction of surface copper

oxide (crystalline forms) interacted with surface oxygen

vacancies on ceria) and the peak C2 and A1ðCu0 $ Cu2þÞ
reaches a maximum at CCA1, thus the highest catalytic

activity of CCA1 can be ascribed to the most active sites. It

is concluded that the metallic copper (Cu0) interacted with

surface oxygen vacancies on ceria plays a decisive role in

the WGS reaction and is considered as the active site of the

WGS reaction over Cu/CeO2 catalysts.
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