
www.elsevier.com/locate/apsusc

Applied Surface Science 253 (2006) 974–982
Implication of the role of oxygen anions and oxygen vacancies for

methanol decomposition over zirconia supported copper catalysts

Gui-Sheng Wu, Lu-Cun Wang, Yong-Mei Liu, Yong Cao *, Wei-Lin Dai,
He-Yong He, Kang-Nian Fan *

Department of Chemistry & Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials,

Fudan University, Shanghai 200433, PR China

Received 2 December 2005; received in revised form 16 January 2006; accepted 23 January 2006

Available online 28 February 2006
Abstract
The interaction of methanol with Cu, monoclinic ZrO2, and Cu/m-ZrO2 catalysts has been investigated by temperature programmed desorption

(TPD) and reaction (TPRS) with the aim of understanding the nature of the surface sites and the mechanism involved in methanol decomposition. A

synergetic effect has been detected since the combination of copper and ZrO2 significantly facilitates the methanol decomposition with the facile

evolution of H2 and CO species at much lower desorption temperature. In conjunction with DRIFTS and H2-TPD measurements of the Cu/ZrO2

sample reduced at elevated temperatures, methanol decomposition over Cu/ZrO2 is suggested to occur primarily on ZrO2 with the aid of the

presence of oxygen anions and oxygen vacancies generated by species-spillover between copper and zirconia. The interface between copper and

zirconia is also evidenced to be crucial to the decomposition of methanol, with the main role of metallic Cu being to provide sites for H2 removal by

efficiently recombining the hydrogen atoms formed during the dehydrogenation of species located on zirconia.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decades, the steam reforming of methanol for

H2 production over alumina-supported Cu/ZnO catalysts has

attracted enormous interest in the development of fuel cell

powered devices, especially for mobile applications [1–4]. The

methanol steam reforming process is virtually a composite

process involving methanol decomposition, the reaction of

methanol with water, and the water–gas shift reaction [5].

Recent kinetic studies by Amphlett and coworkers [5] have

shown that in order to obtain an accurate understanding and

modeling of the methanol steam reforming process, the

inclusion of the kinetically important methanol decomposition

process must be considered. A detailed understanding of this

step is believed to be a prerequisite for the design and

development of new improved catalyst systems that can ensure

substantial methanol conversion and high H2 selectivity,

together with the lowest possible amount of CO [1,2,5].
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In developing more suitable catalysts for methanol reform-

ing, copper supported on ZrO2 has attracted considerable

attention owing to their high activity and enhanced stability

compared to their conventional ZnO-supported counterparts

[2,6]. The better performances of zirconia containing catalysts

have been attributed to higher Cu surface area, better Cu

dispersion, and improved reducibility of Cu as compared with

Cu/ZnO/Al2O3 catalysts [2,6]. Regarding the essential nature of

metallic copper for the catalytic production of hydrogen from

methanol steam reforming, recent studies by Ressler and

coworkers [7] have experimentally demonstrated that although

a high specific copper surface area is a prerequisite for catalytic

activity, it does not account for the observed activity changes

alone without taking the particular microstructure of the active

Cu particles into account.

On the other hand, a number of recent studies concerning the

mechanism of methanol decomposition or methanol synthesis

from CO2 hydrogenation over zirconia containing copper

catalysts have revealed that the ZrO2 is also an active

component of the catalyst [8–12]. It has been generally

accepted that catalysts containing copper and ZrO2 behave in a

bifunctional manner, with copper and ZrO2 playing comple-
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mentary but different roles in methanol synthesis reaction [8–

12]. Bianchi et al. [13] proposed similar bifunctional roles of

Cu/ZrO2 catalysts during methanol decomposition, where

zirconia provides adsorption sites for reaction intermediates

and Cu is proposed to facilitate the transfer of hydrogen. In this

regard, a recent in situ FTIR investigation by Fisher and Bell

[14] further revealed the involvement of the bifunctional roles

of copper and ZrO2 in the methanol decomposition. In spite of

such bifunctional roles of copper and ZrO2 as illustrated for

methanol decomposition, the influence of the intrinsic surface

nature of ZrO2 on the beneficial synergy between copper and

zirconium components in the Cu/ZrO2 catalyst systems is not

yet well understood.

In the present work, the interaction of methanol with Cu,

ZrO2, and Cu/ZrO2 catalysts has been investigated by

temperature programmed desorption (TPD) and reaction

(TPRS) with the aim of understanding the nature of the

surface sites of the ZrO2 support involved in methanol

decomposition. Since ZrO2 is known to possess oxygen anion,

oxygen vacancies and hydroxyl [8–14], introduction of copper

or reduction of catalyst at different temperature will lead to

changes in the distribution of these active sites. Therefore,

special attention is paid to clarify the dependence of methanol

decomposition behavior over the active sites of ZrO2. In

addition, the different roles of copper and zirconia as well as

the beneficial synergy between copper and zirconium entailed

by the strong metal-support interaction are also discussed in

detail.

2. Experimental

2.1. Sample preparation

In general, copper catalysts supported on monoclinic

zirconia tend to show higher catalytic performance for

methanol synthesis or methanol decomposition than their

tetragonal or amorphous counterparts [15]. Accordingly,

monoclinic zirconia with a high surface area (SBET = 86 m2/

g) obtained by the forced hydrolysis method described by Jung

and Bell [16] was employed in the present work herein. Briefly,

0.5 M solution of zirconyl chloride (ZrOCl2�8H2O) was boiled

under reflux at 373 K and 1 atm for 240 h, while maintaining

the pH at 1.5. The obtained precipitate was washed with

deionized water until free of Cl� ions, followed by drying at

393 K overnight and calcined at 673 K for 4 h. Pure copper was

prepared by decomposition of copper nitrate at 673 K. Cu/ZrO2

was prepared by impregnation of the monoclinic ZrO2 by

5 mol% Cu(NO3)2 solution which was further dried at 393 K

overnight, and calcined at 623 K for 4 h. The Cu/ZrO2 catalysts

reduced at different temperature were designated as CuZrRT,

where T is for reduction temperatures.

2.2. Temperature programmed desorption (TPD)

One hundred milligram sample was placed between two

layers of the quartz sand of U-type quartz reactor for TPD

studies. The adsorbent tubes containing 5A-molecular sieve
was equipped before bubbler of methanol in order to remove the

trace of water in carrier gas (He). The catalysts were reduced in

a stream (40 ml/min) of diluted hydrogen (5 vol.% H2 in Ar) at

temperatures ranging from 573 to 1073 K for 2 h. After the

temperature decreased to room temperature, the methanol

vapor carried by stream of He (40 ml/min) was introduced into

the reactor for 60 min ensuring a saturated adsorption of

methanol on the surface of catalysts. Subsequently, the reactor

was swept with pure He stream (40 ml/min) until disappearance

of methanol signal in tail gas. Eventually, TPD was carried out

in the stream of He (40 ml/min) from room temperature to

1023 K with the ramping rate of 15 K/min. The m/e signals of 2,

18, 28, 28, 30, 32, 44, 46, and 60 corresponds to H2, H2O, CO,

CH2O, CH3OH, CO2, CH3OCH3 and HCOOCH3 were

monitored with an on-line quadrupole mass spectrometer

(QMS200, Balzers OmniStar), respectively.

2.3. Diffuse reflectance infrared fourier transform (DRIFT)

spectroscopy

The diffuse reflectance infrared Fourier transform spectro-

scopy was performed using a Bruker Vector 22 instrument

equipped with a DTGS detector and a KBr beam splitter [17].

The catalyst powder (20 mg) was placed in a diffuse reflectance

high-temperature cell (Harrick Co.). Prior to the experiment,

the sample was maintained at 393 K in the N2 stream (40 ml/

min) for 60 min in order to remove the physisorption water on

the surface of catalysts. Subsequently, diluted hydrogen

(5 vol.% H2 in Ar) was introduced and the temperature of

the diffuse reflectance cell was raised to the desired

temperature, i.e., 423, 573 and 673 K, respectively. After

maintaining at the settled temperatures for 2 h, the spectra were

recorded. To achieve satisfactory signal to noise ratio, a

resolution of 4 cm�1 was chosen and 120 scans were averaged.

The spectra were presented after subtraction of the background

spectrum of mirror.

2.4. Catalytic characterization

The nitrogen isotherms and subsequently the multipoint

Brunauer–Emmett–Teller (BET) surface areas (SBET) of the

samples were determined by N2 adsorption at 77 K in the

Micromeritics TriStar 3000 apparatus, using a value of

0.164 nm2 for the cross section of the nitrogen molecule.

The surface of pure copper in the reduced catalyst was

determined with the use of the reactive adsorption of N2O at

363K according to the method described in [18]. X-ray

photoelectron spectra (XPS) was recorded with Al Ka radiation

as the excitation source (hn = 1486.6 eV). The sample pressed

into a self-supported disc was mounted on the sample plate.

Then it was degassed in the pretreatment chamber at 383 K for

2 h in vacuo before being transferred into the analyzing

chamber where the background pressure was lower than

2 � 10�9 Torr. All the binding energy (BE) values referenced to

the C 1s peak of contaminant carbon at 284.6 eV with an

uncertainty of �0.2 eV. Before XPS test, the catalysts after

reduction were protected in N2 atmosphere, which was treated
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Fig. 1. TPD patterns of methanol on the surface of copper. m/e = 2, 18, 28, 30,

32, 44, 46, 60 corresponds to the desorbed species of H2, H2O, CO, CH2O,

CH3OH, CO2 CH3OCH3, CHOOCH3, respectively.
by Ar ion sputtering in XPS process in order to remove the

surface oxides induced by transitory exposition in air.

3. Results and discussion

3.1. TPD of Cu, ZrO2 and Cu/ZrO2

Methanol TPD profiles obtained from the pure polycrystal-

line copper are shown in Fig. 1. The desorption profile of m/

e = 32 from room temperature to 423 K is attributed to the

desorption of the physisorption methanol. The broad peaks of

m/e = 30 in the range of 473–868 K are ascribed to the

desorption of formaldehyde. It is well known that methanol on

clean single-crystal Cu surfaces tends to show little or no

reactivity. Previous studies concerning the interaction of

methanol with single crystal copper surface revealed that only

desorption of molecularly adsorbed methanol was observed on

Cu(1 1 1) [19] and Cu(1 1 0) surface [20–22], and the presence
Fig. 2. The comparison of the model of C
of surface chemisorbed oxygen on the Cu crystal surface can

significantly facilitate the adsorption of methanol [23,24]. In

contrast, high-resolution XPS investigation indicated the

dissociation of methanol into methoxy and formaldehyde

occurred at around 200 K on Cu(1 1 0) before the entire

desorption of all molecular species from the surface [25].

Recent methanol TPD studies on the Cu(2 1 0) surface also

showed that half of the chemisorbed methanol decomposed into

formaldehyde and H2 at 100 K [26]. Analyzing the surface

structure of copper employed in the above experiments, it is

found that the interaction of methanol with the copper is

structurally sensitive. It appears that the more closely packed

the copper surface is, the less reactive is the dissociation of

methanol. From the structural models of the Cu(1 1 1) and

Cu(2 1 0) surfaces as shown in Fig. 2, it is seen that Cu(2 1 0)

surface is more open than the Cu(1 1 1) surface. Additionally,

the presence of step sites between the surface and subsurface or

between the subsurface and the third layer can also be

identified. All these differences can account for the more

reactive properties of Cu(2 1 0). A number of theoretical

studies also confirm that the metal atoms located at the open

packed crystal surface, edge, corner, or step site are less index

and show much more active properties [27]. In our case, the

polycrystalline copper powder employed in the present work is

believed to contain certain edges and corner sites which provide

surface sites for partial decomposition of chemisorbed

methanol into formaldehyde and H2. In addition, the desorption

of CO2 at 431 K is also identified in Fig. 1. The oxygen for

producing CO2 might come from the incomplete reduced

copper component or the trace of oxygen in the feed gas.

Previous studies have evidenced the presence of oxygen species

on the reduced Cu/ZnAl2O4 [28], Cu/ZnO/Al2O3 [29], and Cu/

SiO2 [30] catalysts is due to incomplete reduction. In addition,

the trace amount of H2O contained in the feed gas can be

dissociated on the reduced polycrystalline Cu [31] to produce

adsorbed oxygen and hydrogen. Although methyl formate was

observed during the decomposition of methanol on Cu/SiO2

[32], it was not detected in our experiments, possibly due to the

intrinsically different properties of polycrystalline copper with

respect to Cu/SiO2. On the basis of the TPD patterns of all
u(1 1 1) (a) and Cu(2 1 0) (b) surface.
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species, the methanol desorption and decomposition mechan-

ism on the polycrystalline copper can be summarized as

follows:

Note that methanol is mainly physisorbed on the surface of

copper to produce adsorbed methanol which is unstable and can

be desorbed easily. Furthermore, a small amount of methoxide

is formed on the surface of copper, which either further

decomposes into formaldehyde and H2 or reacts with adsorbed

oxygen to produce CO2 and H2.

The results of methanol desorption from pure zirconia

(Fig. 3) show much stronger adsorption capacities for methanol

with respect to pure polycrystalline copper. The broad peaks for

signal m/e = 32 at 308–473 K and 473–789 K are related to the

desorption of the physisorbed and chemisorbed methanol,

respectively. For signals m/e = 28 and m/e = 2, the slight and

strong desorption peaks at ca. 646 and 778 K are attributed to

the surface evolution of CO and H2 species. Notice that the

main desorption of CO and H2 needs a higher temperature than

that of H2O (at about 719 K). The IR results show that the

surface of zirconia is covered by adsorbed water and hydroxyl

(see the IR section), indicating that the released water in TPD

process is due to the removal of adsorbed water and dehydration

of vicinal hydroxyl on the surface of zirconia. Among them, the

dehydration of vicinal hydroxyl (2-Zr–OH! –Zr–O� + (–

Zr)+) can form oxygen anions and oxygen vacancies sites,

which might be more crucial to the further decomposition of

methoxide [31,32]. In addition, it is also identified that the

desorption feature of dimethyl ether at 735 K is ascribed to the

surface acidity of ZrO2. Previous investigations of the

adsorption of methanol on ZrO2 or ZrO2/SiO2 by TPD and

in situ IR methods have shown that at 323 K, gas-phase

methanol can directly interact with hydroxyl groups of zirconia
Fig. 3. TPD patterns of methanol on the surface of zirconia.
to form CH3O–Zr and H2O [33,34] or can interact with oxygen

anions of zirconia to form methoxide and hydroxyl groups [14].

With increasing temperature, the predominant processes

occurring are: CH3O–Zr + H2O! CH3OH + HO–Zr, while

the oxidation of CH3O–Zr to b-HCOO–Zr at 523 K is an

extremely slow process on ZrO2/SiO2 [14]. Compared with our

results, there exists limited amount of oxygen anions and

oxygen vacancies in the ZrO2 or ZrO2/SiO2 mentioned above,

because the adsorption and reaction temperature is not beyond

573 K. Our DRIFT and water TPD results display that the

hydroxyl groups and adsorbed water on the surface of ZrO2 are

not well removed until 773 K. The surface hydroxyl and

adsorbed water on the surface of zirconia might hinder the

furthermore decomposition of methoxide into CO and H2. With

the increase of desorption temperature, the bridge hydroxyl and

adsorbed H2O on the surface of ZrO2 are gradually consumed

and more oxygen anions and oxygen vacancies are exposed,

and then the decomposition of methoxide to CO and H2 is

promoted. The detailed scheme of methanol desorption and

decomposition mechanism on the surface of zirconia is shown

as follows:

At first, methoxide can be formed on the surface of zirconia

with the release of water when methanol interacts with surface

hydroxyl or oxygen anions directly. With the absence of oxygen

anions and oxygen vacancies, methoxide reacts with water to

produce methanol and zirconium hydroxyl due to the slow

decomposition process of the methoxide [14]. With the rise of

the temperature, the surface hydroxyl and adsorbed water are

removed, and then more and more surface oxygen anions and

oxygen vacancies are exposed. The enrichment of oxygen

anions facilitates the production of –ZrOOCH2 through

dehydrogenation of methoxide. With the aid of oxygen anions,

–ZrOOCH2 can decompose into –ZrOOCH, and then further

into CO and H2.

For the Cu/ZrO2 catalysts (Fig. 4), the patterns of m/e = 32 at

374 K as well as at 536 K and 700 K correspond to the

desorption of physisorbed and chemisorbed methanol, respec-

tively. Desorption peaks of CO and H2 are located at about

633 K with the tailed peaks at about 723–843 K. Compared

with the methanol desorption action on the surface of pure

zirconia, the main desorption peak at 633 K of Cu/ZrO2 is in

agreement with the weak desorption peak at 646 K. It is notable

that the amount of desorbed water is low, indicating that there

are lower surface hydroxyl and adsorbed water on Cu/ZrO2,

reduced at 573 K. This might be accounted for by the H and

H2O spillover from zirconia to copper, which can induce more

oxygen anions and oxygen vacancies and then promote

production of CO and H2 at lower temperature. Although the

H and adsorbed water spillover from zirconia to copper in the

process of reduction is not reported in the previous literature,

the spillover between copper and zirconia in the process of
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Fig. 4. TPD patterns of methanol on the surface of CuZrR300.

Fig. 5. TPD patterns of methanol on the surface of CuZrR550.
reaction is widely proposed by other authors. For example,

Fisher and Bell [14] investigated methanol decomposition on

Cu/SiO2, ZrO2/SiO2, and Cu/ZrO2/SiO2 with IR methods. They

suspected that the further decomposition of the methoxide

groups on the surface of zirconia was promoted by the reverse

spillover of hydrogen between copper and zirconia. For

methanol synthesis from CO2/H2, it was also observed

formation of b-HCOO–Zr and CH3O–Zr at lower temperatures

and at higher rates on Cu/ZrO2/SiO2 than on ZrO2/SiO2 owing

to H spillover [35]. H spillover was imaged that the hydrogen

required for these hydrogenation reactions to take place was

supplied by spillover from Cu to the intermediates located on

zirconia [36]. It is notable that the onset of H2 desorption peak

(478 K) are much lower than that of CO desorption peaks

(558 K) in Cu/ZrO2, indicating that H lose in the process of

methanol decomposition is also promoted by induced H

spillover between copper and zirconia. In addition, two

desorption peaks of CO2 at 596 and 675 K are also featured,

which is much stronger than the pure copper.

3.2. TPD patterns of Cu/ZrO2 reduced at different

temperatures

On the basis of above discussion, the oxygen vacancies and

oxygen anions on the surface of zirconia might be crucial to the

methoxide decomposition. Furthermore, the species spillover

between copper and zirconia not only influences the

concentration of oxygen vacancies and oxygen anions, but

also promotes dehydrogenation of adsorbed methoxide.

Therefore, the interaction and the interface between copper

and zirconia should play an important part in methoxide

decomposition. It is practically convenient to change surface

structure, surface composition as well as interaction among

catalytic component by varying their reduced temperature

[36,37]. It is well known that the reduction at high temperature

can cause the envelopment of supporter about the active metal,
and then the interface between metal and supporter changes

remarkably [36]. In addition, the concentration of surface

hydroxyl and adsorbed water will further decrease with the rise

of reduced temperature. Therefore, methanol desorption on Cu/

ZrO2 reduced at the different temperature are investigated in the

present work to enlighten the decomposition of methanol

entailed to structure change.

TPD patterns of Cu/ZrO2 reduced at 823 K (see Fig. 5)

display the desorption peaks of CO and H2 in the range of 573–

673 K and in the range of 673–823 K. The desorption

temperature in the range of 673–823 K is close to that in pure

zirconia, inferring that the zirconium species are enriched on

the surface of CuZrR823. Relative to the desorption of

CuZrR573, a smaller amount of H2O is desorbed, indicating

that more adsorbed water or surface hydroxyl have lost and

more oxygen vacancies and oxygen anions are formed. At about

581 K, it also displays the desorption peaks of CO2, which is

much weaker than in CuZrR573. This might be due to the

increase of oxygen vacancies with the rise of reduction

temperature.

For CuZrR1073 (see Fig. 6), only single desorption peaks of

CO and H2 are displayed at about 643 K, which is between the

high- and low-temperature desorption peaks on ZrO2. Because

of no release of H2O at the process of TPD, it indicates that the

hydroxyl and the adsorbed water is well removed by reduction

at 1073 K. Without the inhibition of surface hydroxyl,

methoxide on the surface of zirconia can react with the Zr–

O species to produce formate at lower temperature, which is

further decomposed into CO and H2. In addition, the reduction

at 1073K might also envelop more zirconia on the surface of

catalysts, which might lose the interface between copper and

zirconia. Accordingly, the desorption temperatures of CO and

H are higher than that in CuZr-573. Furthermore, it gives almost

no evident desorption of CO2, suggesting well removal of

oxygen or formation of more oxygen vacancies by high

temperature reduction.
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Fig. 6. TPD patterns of methanol on the surface of CuZrR800.

Fig. 7. Water desportion of Cu/ZrO2 after reduction at different temperature.
3.3. H2O desorption

In order to further elucidate the loss of water and surface

hydroxyl with reduction temperature, Cu/ZrO2 is reduced at

different temperature at first, and then is employed to TPD

study, in which desorption signs of water are recorded (Fig. 7).

It is shown that CuZrR573 displays much less amount of

desorbed water than zirconia reduced at 573 K, which further

confirms the species spillover between copper and zirconia in

the process of reduction. It is displayed much lower amount of

desorption water in CuZrR823 and is not shown water

desorption in CuZrR1023, illustrating more water and hydroxyl

on the surface of zirconia are removed via the high temperature

reduction. These results are in well agreement with the previous

conclusion in methanol TPD.

3.4. The DRIFTS results

The hydroxyl changes on the surface of ZrO2 and Cu/ZrO2

with the reduction temperature are also monitored with

DRIFTS to illustrate the types of hydroxyl on Cu/ZrO2 and

their change trends with reduction temperature (see Fig. 8). The
Fig. 8. The surface hydroxyl change of ZrO2 (a) and
two absorbed frequencies at 3640 and 3720 cm�1 are displayed

in IR spectra of ZrO2 and Cu/ZrO2, which are attributed to the

stretch vibration of bridged and terminal hydroxyl, respectively

[34]. The broad absorbed peak ranged from 3800 to below

2500 cm�1 is ascribed to the adsorbed water [34]. With the rise

of reduction temperature, the peaks due to the absorbability of

bridged hydroxyl and adsorbed water decreases gradually on the

surface of ZrO2 and Cu/ZrO2, while the hydroxyl at 3640 cm�1

decreases more rapidly in the Cu/ZrO2 case. Furthermore, the

peak area at 3640 cm�1 is fitted and is plotted as the reduction

temperature (see Fig. 9). It also shows that the decreasing rate of

3640 cm�1 on the surface of Cu/ZrO2 is about 1.5 times as that on

the surface of ZrO2. Previous study has evidences that the

terminal hydroxyl is lost while the bridged hydroxyl changes

slightly with adsorption of methanol [38]. Our results give the

little change of terminal hydroxyl and evident loss of bridge

hydroxyl with the rise of reduction temperature. This indicates

that the rise of reduction temperature does not remarkably

change the adsorbed sites of methanol. Loss of bridged hydroxyl

might produce more oxygen anions and oxygen vacancies sites,

which supply the sink of H for the adsorbed methanol or

methoxide and promote the production of CO and H2.
Cu/ZrO2 (b) with rise of reduction temperature.
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Fig. 9. The change of peak at 3640 cm�1 with the reduction temperature.

Fig. 10. H2 TPD of catalysts reduced at different temperature.

Table 1

The surface element content of catalysts determined by XPS

Sample Surface element content SBET (m2/g) SCu (m2/g)

O Cu Zr

CuR300 – – – 0.3 0.2

ZrR300 82.04 0.00 17.96 86.0 –

CuZrR300 77.02 8.37 14.62 78.6 3.7

CuZrR550 74.83 8.44 16.73 73.8 3.0

CuZrR800 72.03 8.66 19.31 61.2 2.4
3.5. H2 TPD

The H2 TPD results (Fig. 10) further evidence the reverse

spillover effect of copper. It is shown that zirconia reduced at

573 K displays strong desorption peaks of H2 at the range of

723–873 K, which is in agreement with the Bianchi’s results

[7–10]. But the CuZrR573 does not give evident desorption of

H2, which illustrates the copper species promote the loss of H2

through H reverse spillover effect and then H2 is well desorbed

in the process of He sweep at low temperature. CuZrR823
Table 2

The binding energies (eV) of Zr 3d5/2 and O 1s of catalysts

Catalyst BE of Zr 3d5/2 (eV) ZrII/(ZrI + ZrII)

ZrI ZrII

ZrR300 182.2 183.5 87.6

CuZrR300 182.1 183.5 53.6

CuZrR550 181.8 183.6 39.8

CuZrR800 181.5 183.4 12.3
displays evidence of H2 signs, which becomes stronger on

CuZrR1023. These results also illustrate that the more zirconia

species spread on the surface of Cu/ZrO2 with the rise of

reduction temperature. Due to the spillover effect of copper, the

desorption temperature of H2 on CuZrR823 and CuZrR1023 is

lower compare with those on ZrO2.

3.6. XPS results

In order to further specify the change of surface composi-

tion, Cu/ZrO2 catalysts reduced at different temperatures are

also investigated using XPS. From data of surface element in

Table 1, it is illustrated that the content of surface oxygen

decreases with reduction temperature, indicating of loss of

adsorbed water and surface hydroxyl. These results are also in

line with the conclusion of H2O TPD and DRIFTS.

Furthermore, the Zr content remarkably increases with the

reduction temperature, indicating of the envelope phenomena

of zirconia. In addition, the oxygen and zirconium species are

also analyzed. According to the literature, there might be two

types of O species in CuO/ZrO2 after reduction, that is, O

species of ZrO2 or Cu2O (OI) and O species of Zr–OH (OII),

whose binding energy are about 531.5 and 532.5 eV [39,40].

Accordingly, the O 1s broad peaks are split into two peaks at the

corresponding position using XPS peak-splitting program,

whose relative content are shown in Table 2. It is shown that the

content of OII decreases with reduction temperature, further

illustrating loss of surface hydroxyl. Similarly, the Zr 3d3/2

spectra is also split into two peaks at about 182.0 and 183.5 eV

corresponding to Zr of ZrO2 (ZrI) and Zr of Zr–OH (ZrII)

species, respectively [40]. The relative Zr contents in Table 2

represent that the content of ZrII also decreases with reduction

temperature. Furthermore, the position of ZrI shifts toward the

lower binding energy, which might be contributed to be

associated with the holes created by oxygen vacancies in the

ZrO2 lattice [39].
(%) BE of O 1s (eV) OII/(OI + OII) (%)

OI OII

530.5 532.3 78.6

530.5 532.2 49.4

530.4 532.3 36.8

530.4 532.3 11.2
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Fig. 11. The surface model of ZrO2 (a) and Cu/Zr (b–d), from (b) to (d), the reduction temperature is increased.
The referee proposed if the differences of methanol

adsorption capacity were due to the differences of the catalytic

surface areas or the pure copper surface areas. The data of SBET

and the pure copper areas tabulated in Table 1 illustrated after

the SBET of CuZrR300 and ZrO2R300 are close, which cannot

account for the remarkable difference of methanol desorption

and decomposition. It can be conceived that the desorption

intensity decreases with shrinkage of the catalytic surface

because of decrease of adsorption sites. Although the SBET and

the surface area of pure copper decrease with the rise of

reduction temperature, the desorption intensities in Figs. 4–6 do

not show evident correlation with the surface area or the area of

pure copper. Therefore, the adsorption difference on Cu/ZrO2

reduced at different temperature should be ascribed to the

change of active sites on the surface of catalysts.

From discussion above, it is concluded that methanol is more

active on the site of zirconia, on which methoxide is formed at

323 K. However, the adsorbed methoxide is more difficult to

further decompose because of surface hydroxyl and adsorbed

water on the surface of zirconia. Above the desorption

temperature at which the oxygen anions and oxygen vacancies

are formed due to adsorption of water, adsorbed methoxide can

be further decomposed into CO and H2. Therefore, the oxygen

anions and oxygen vacancies on the surface of zirconia might

be crucial to methoxide decomposition. Methanol decomposi-

tion in Cu/ZrO2 is promoted remarkably because copper

component not only accelerates the formation of oxygen anions

and oxygen vacancies by dehydration of hydroxyl and removal

of adsorbed water, but promotes H transfer of methoxide

adsorbed on zirconia to Cu. Accordingly, the interface between

copper and zirconia is more important to methanol decom-

position. The surface changes of zirconia with introduction of

copper and increasing reduction temperature are modeled in

Fig. 11. The surface of zirconia is featured by surface hydroxyl

and adsorbed water (Fig. 11a). With introduction of copper, the

oxygen anions and oxygen vacancies are easily formed because
the H atom and adsorbed water spillover from zirconia to

copper (Fig. 11b). With the rise of reduction temperature,

zirconia and copper are aggregated which might be unfavorable

to catalytic performance. However, parts of zirconia envelop on

the copper particles and parts of hydroxyl and adsorbed water

are removed (Fig. 11c). These changes can enlarge the interface

between copper and zirconia and make more oxygen anions.

Therefore the methanol decomposition is promoted. When

reduction temperature is further increased, copper aggregated

badly. Further, the large copper is well enveloped by zirconia

(Fig. 11d). These cause the low activity of methanol

decomposition because of loss of copper–zirconia interface.

4. Conclusions

In summary, pure Cu only shows the slight activity to the

methanol adsorption, in which only physisorbed methanol or

little amount of methoxide are formed. Methoxide can

decompose into formaldehyde and H2 or react with unreduced

oxygen to produce CO2. In contrast, zirconia shows strong

adsorption capacity to methanol. The formed methoxide on the

surface of zirconia can react with hydroxyl to produce methanol

or decompose into CO and H2 at higher desorption temperature.

The concentration of oxygen anions and vacancies on the

surface of zirconia might be crucial to the decomposition of

methoxide. In the case of Cu/ZrO2, release of CO and H2 is

observed at much lower desorption temperature owing to more

oxygen anions and oxygen vacancies species on the surface Cu/

ZrO2. The results of IR and TPD of H2 and H2O further prove

that copper can promote the loss of Zr–OH and adsorbed water,

and then accelerates the formation of oxygen anions and

vacancies. With the rise of reduction temperature, the activity

of Cu/ZrO2 changes due to the alteration of interface between

zirconia and copper as well as the distribution of active sites on

the surface of zirconia.
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