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a  b  s  t  r  a  c  t

A  simple  and  inexpensive  method  is proposed  to  modulate  oxygen  vacancies  on the  non-precious  metallic
CuZn-based  catalyst  surface.  The  identification  and  quantification  of  these  oxygen  vacancies  on vZ  (ZnO
containing  oxygen  vacancies)  and  the catalytic  activities  of  CvZ  (Cu  on  ZnO  containing  oxygen  vacancies,
ca.  30  wt.%  Cu  and  70 wt.%  Zn) during  partial  oxidation  of methanol  (POM)  reaction  are  discussed.  The  vZ
was  calcined  in  a nitrogen  atmosphere  at various  temperatures  (450 ◦C,  500 ◦C and  550 ◦C),  and  catalytic
activities  of  CvZ  catalysts  prepared  in  deposition  precipitation  (DP)  and  co-precipitation  (CP)  and  CZr
(Cu  on  ZrO2,  ca. 30 wt.%  Cu  and 70  wt.%  Zr) catalysts  were  performed.  The  efficiency  of  both  CP-CvZ-

◦

artial oxidation of methanol (POM)
xygen vacancies
on-precious metallic CuZn-based catalyst
O-free

450  and  DP-CvZ-450  catalysts  are  excellent  with  100%  of  CMeOH and  95% of FH2 at  250 C, and  70% of
CMeOH and >75%  FH2 at  150 ◦C. Significantly,  FCO was  kept at 0–4%  at T  <  250 ◦C with  better  stability  for
DP-CvZ-450  catalyst,  as  well.  Moreover,  a CO-free  situation  could  be  achieved  for  both  DP-CvZ-500  and
DP-CvZ-550  which  contain  more  oxygen  vacancies.  These  oxygen  vacancies  on  the  surface:  enhanced  an
affinity  for  adsorbing  reactant  oxygen  atoms;  induced  decomposition  of intermediates  species,  and;  can

n  at  
even catalyze  CO  oxidatio

. Introduction

Energy used for transportation, high technology, manufactur-
ng and many other industries is very important in the daily life of

odern societies. Several alternative energies, particularly hydro-
en energy, have been extensively developed during the last few
ecades. One of methanol reforming reactions, catalytic partial oxi-
ation of methanol (POM) [1–3], which is an exothermic reaction
ith many advantages including higher reaction rates without the
eed for an additional heat supply, especially if the reaction reaches

 steady-state, is applied in the methanol reformer as a hydrogen-
ich gas supplier in the fuel-cell system.

Recently, Cu-based catalysts having high activity, good selectiv-
ty, low cost, environmental friendliness, and natural abundance,
ave been widely investigated in several reactions, such as:
ethanol synthesis, water–gas shift (WGS) reaction, preferential

xidation, and methanol reforming, etc. [4–6]. Copper supported
ith zinc oxide provides high conversion, high H2 selectivity in
OM reaction [7–11]. Some researchers have compared the influ-
nces of different copper loadings over Cu/ZnO (CZ) catalysts and
ave indicated catalytic activity was increased by a higher surface
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area of metallic copper [12]. However, there are several disad-
vantages of copper catalysts, such as high CO concentration, high
ignition temperature, poor structural stability, and short lifetime.

ZnO, the support for our catalyst, has been most frequently
studied because of its numerous applications, such as photo-
catalysis, light-emitting materials, solar energy conversion, and
chemical sensors [13–17]. Generally, in the aromatization of light
alkane catalysis, ZnO plays the role of removing hydrogen species
encamped at the acid site of zeolites [18]. In addition, in methanol
reforming, such as methanol decomposition (MD), stream reform-
ing of methanol (SRM), or POM reaction over CZ based catalyst, ZnO
also promotes desorption of hydrogen, and simultaneously rais-
ing hydrogen selectivity [19,20]. According to the above studies
of POM, some authors [21,22] used precious metals, such as Au,
to reduce CO by-product and lower the reaction temperature. Price
should be considered in such circumstances, however. Doping with
transition metals [23,24], such as Zr and Ce, would generate native
defects (oxygen vacancies), but sometimes the overall catalytic
activity would be sacrificed. Nano-structure ZnO also has been used
in catalytic methanol-synthesis reaction, causing the presence of a
polar ZnO (000ı̄) surface upon which oxygen vacancies have formed
on the surface of crystals serving as the active site [25,26]. ZnO,
within oxygen vacancies on the lattice, could absorb CO or CO2

during the initiation of methanol synthesis. Lin et al. [27] used
the CuO–ZnO inverse opals to generate oxygen vacancies by O2-
plasma treatment and promote greater methanol microreformer
efficiency; but the process for preparing catalysts used by Lin et al.

dx.doi.org/10.1016/j.apcatb.2013.12.044
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2013.12.044&domain=pdf
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Table 1
A summary of the catalysts and their prepared conditions.

Catalyst Preparation
method

Calcine conditions

N2 Air

Za Precipitation - 450 ◦C, 2 h
vZb-450 Precipitation 450 ◦C, 1.5 h 450 ◦C, 0.5 h
vZ-500 Precipitation 500 ◦C, 1.5 h 450 ◦C, 0.5 h
vZ-550 Precipitation 550 ◦C, 1.5 h 450 ◦C, 0.5 h
DP-CvZc-450 Deposition precipitation 450 ◦C, 1.5 h 450 ◦C, 0.5 h
DP-CvZ-500 Deposition precipitation 450 ◦C, 1.5 h 450 ◦C, 0.5 h
DP-CvZ-550 Deposition precipitation 450 ◦C, 1.5 h 450 ◦C, 0.5 h
CP-CvZ-450 Co-precipitation 450 ◦C, 1.5 h 450 ◦C, 0.5 h
CZd Co-precipitation - 400 ◦C, 4 h
CZre Co-precipitation - 400 ◦C, 4 h

a ZnO nano-particles.
b ZnO with oxygen vacancies.
c

K.-Y. Lee, Y.-J. Huang / Applied Catalysis B:

s not commonly utilized. In this study, we propose a new, sim-
le and inexpensive method to modulate oxygen vacancies on the
urface of the non-precious metallic CZ catalyst and hope these oxy-
en vacancies can lower the CO by-product and improve catalytic
ctivities in the POM reaction. The important factors for oxygen
acancies generation, such as calcined temperature, preparation
ethods [co-precipitation (CP) and deposition precipitation (DP)],

nd the influence of oxygen vacancies on catalytic performance for
OM reaction, are discussed in detail. Moreover, a ZrO2 support
ontaining an oxygen-vacancy structure was used to compare the
ffects of different materials.

. Experimental

.1. Catalyst preparation

The synthesis of ZnO nanoparticles (NPs), which are the support
f our catalysts, was first prepared via a simple chemical precipi-
ation method [14,28]. Stoichiometric ZnCl2 (0.25 M)  and sodium
odecyl sulfate (SDS, 0.00025 M)  were introduced into 100 mL
f deionized water. Then NH4HCO3 (0.5 M)  solution was poured
lowly in and mixed well under constant magnetic stirring. After 2 h
f reaction, the precipitates were filtered and washed thoroughly
ith 800 mL  of anhydrous ethanol to remove impurities, and then
ried in a vacuum oven at 60 ◦C overnight. Finally, a general ZnO NPs
ith no oxygen vacancies was calcined in air at 450 ◦C. For ZnO NPs
ith oxygen vacancies, the catalysts were calcined in N2 (∼99.99%)

t 450 ◦C, 500 ◦C, or 550 ◦C, respectively, for 1.5 h and then calcined
n air at 450 ◦C for 0.5 h to yield fresh ZnO NPs (designated as vZ-450,
Z-500, and vZ-550).

A series of Cu/v-ZnO catalysts which contained oxygen vacan-
ies on the ZnO (designated as DP-CvZ-450, DP-CvZ-500, and
P-CvZ-550) was prepared by DP method. ZnO NPs with oxygen
acancies were first dispersed in 500 mL  of deionized water with
igorous stirring at 70 ◦C. An appropriate portion of copper nitrate
olution was added to the above-mentioned solution and Na2CO3
olution was used to maintain the mixture at pH = 7. After aging to
H = 8, the precipitates were filtrated and washed thoroughly with
eionized water, and then dried at 105 ◦C overnight. The catalysts
ere calcined in N2 at 450 ◦C for 1.5 h and then in air for 0.5 h to

emove impurities.
Copper-based catalysts CZ (30 wt.% Cu and 70 wt.% Zn) and

u/ZrO2 (CZr) (30 wt.% Cu and 70 wt.% Zr) were prepared by CP
f metal nitrates in aqueous solution. This method is based on
ur previous study [21,29]. Another CZ (CP-CvZ-450) with oxygen
acancies on the ZnO surface was prepared by CP of metal chlorides
n aqueous solution. In short, CuCl2 and ZnCl2 solutions (0.5 M)

ere added to 500 mL  of deionized water at 70 ◦C. The required
ortion of 2 M Na2CO3 solution was quickly added while energet-

cally stirring the solution. After aging to pH = 8, the precipitates
ere filtrated and residue was washed thoroughly with deionized
ater, and then dried overnight at 105 ◦C. The final catalysts were

alcined in N2 at 450 ◦C for 1.5 h and then calcined in air for 0.5 h
o remove impurities. All catalysts are summarized in Table 1.

.2. Characterization

The exact compositions of the catalysts were analyzed by ICP-
S (Perkin–Elmer, SCIEX ELAN 5000). Each catalyst’s compositions

re summarized in Table 2.

X-ray powder diffraction (XRD) patterns were obtained by

igaku TTRAX III equipped with an 18 KW rotating anode Cu target
� = 0.15406 nm). The patterns were obtained from 20 to 80◦ at a
ate of 4 ◦C min−1.
Cu/ZnO with oxygen vacancies.
d Cu/ZnO catalyst.
e Cu/ZrO2 catalyst.

X-ray photoelectron spectroscopy (XPS) to study the chemical
shift and oxidation state of the catalyst surface was obtained by
ESCA PHI 1600 spectrometer with Al/Mg dual anode X-ray sources
(1486.6 and 1253.6 eV, respectively). For experiments, the O1s,
Zn2p3 core-level spectra were recorded and the corresponding
binding energies were referenced to the C1s line at 284.9 eV [8].

For photoluminescence (PL) experiments, powder samples were
spindled first, then fixed onto the sample holder. The device, a
325 nm laser line from He–Cd Laser was utilized for excitation, and
the scan range was set between 300 and 700 nm.  The laser was  cut
by optical chopper (�m), then focused on the sample by convex
lens. The fluorescent light beam which radiated from the sample
entered the spectrometer from the convex lens, and was received
by a detector after grating. The frequency of �m was the signal of
fluorescence spectroscopy.

The micro-Raman spectra, were recorded at room temper-
ature in a confocal microscope (Jobin Yvon, MFO) combined
with a monochromator system (Jobin Yvon, iHR550) and a
liquid-nitrogen-cooled, charge-coupled device camera (Jobin Yvon,
1024 × 256 pixels). As an excitation source we used the 514.5 nm
line of argon laser (Modu-Laser, Stellar-Pro 514/50).

For the temperature-programmed reduction (TPR) and
temperature-programmed desorption of oxygen (O2-TPD) tests, a
system equipped with gold-coated TCD and Brooks 5850E mass
flow controller was  used. Approximate 55 mg  of each fresh catalyst
was placed into a U-shaped quartz. In each TPR run, a sample of
55 mg  in a U-shape tube reactor of 4 mm inner diameter (i.d.) was
reduced by 10% H2/N2 or 10% CO/He for H2-TPR or CO-TPR, respec-
tively, at a flow rate of 30 mL/min upon raising the temperature
of the sample from room temperature to 500 ◦C with a heating
ramp up of 7 ◦C min−1. The software used for peak integration was
provided by Scientific Information Service Corporation (SISC). For
O2-TPD test, 55 mg  of sample were preheated at 450 ◦C for 2 h in
flowing He (purity: 99.9995%) to desorb adsorbed gases on the
surface and then cooled down to room temperature. Next, the
catalyst was treated in O2 (purity: 99.999%) at 200 ◦C for 1 h and
then cooled in flowing O2 to room temperature. The gas mixture
was switched to He to flush the reactor for 1 h to remove gas-phase
O2 completely. Then, the O2 adsorption procedure was repeated
one more time to ensure the saturation with O2 chemisorption.
Subsequently, the O2 desorption experiment was carried out by
ramping the temperature up from 7 ◦C min−1 to 450 ◦C.

The POM reaction gas (methanol and oxygen) chemisorption at

various temperatures (ambient, 160, 180, 200, and 300 ◦C) on the
surface of catalysts was  done by infrared spectroscopy (Thermo Sci-
entific NICOLET 6700) with a diffuse reflectance infrared Fourier
transform spectra (DRIFTS) accessory (Harrick) and a MCT/A
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Table  2
Physical properties of freshly CZ catalysts.

Catalyst Cov
a Metallic loading (wt. %)b Particle size (nm)c

Cu (%) Zn (%) Zr (%) dZnO(101) dZrO2(101) dCuO(111)

Z 0.08 0 100 0 18.9 - -
vZ-450 6.53 0 100 0 19.1 - -
vZ-500 8.32 0 100 0 20.7 - -
vZ-550 11.63 0 100 0 23.1 - -
DP-CvZ-450 2.26 29.5 70.5 0 22.4 - 13.4
DP-CvZ-500 2.69 30.4 69.6 0 23.7 - 13.4
DP-CvZ-550 6.97 30.2 69.8 0 25.7 - 13.7
CP-CvZ-450 1.84 30.0 70.0 0 6.9 - 5.2
CZ  0.09 29.2 70.8 0 10.8 - 6.7
CZr  1.23 34.5 0 65.5 - Amorphous Amorphous
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reaches maximum, demonstrating that it has the highest concen-
tration of oxygen vacancies. Furthermore, similar results showing
in XPS experiments (Table 3) revealed that the percentage of surface
a The concentration of oxygen vacancies (Cov) which calculated by PL spectra (Vo
b Chemical analysis result from ICP-MS.
c Normal diameter estimated from XRD data using the Debye–Scherrer equation

etector. About 1.0 g of the catalyst was packed in the sample
older of the in-situ cell, subsequently heated by a thermostati-
ally controlled process and pretreated at 300 ◦C for 30 min  in a
ow of nitrogen (>99.99%) to remove water and carbonate on the
atalyst surface. After feeding reaction gases (CH3OH and O2/Ar),
ith an O2/CH3OH ratio of 0.5 for 10 min  at chemisorption tem-
erature, samples were purged by nitrogen (>99.99%) for 10 min
o remove reversibly adsorbed species. The spectra were collected
t a resolution of 4 cm−1 and an accumulation of 32 scans. The CO
hemisorption experiments were similarly performed. The CO gas
1% with 99% Ar) was used and the spectra were collected at an
ccumulation of 128 scans.

.3. Catalytic test

Catalytic activity measurements were conducted in a fixed bed
eactor (4 mm i.d.) operating at atmospheric pressure. Freshly cal-
ined catalysts were pulverized into fine powders, pressed into
isks, crushed and sieved through 60–80 mesh for POM. The
ethanol was fed to the evaporator by means of a piston pump,

nd the gases—Ar, O2—were fed by a Brooks 5850E mass flow con-
roller. The molar ratio of oxygen to methanol (O/M) was controlled
t 0.5. The gas hourly space velocity (GHSV) and weight hourly
pace velocity (WHSV) were controlled at 60,000 h−1 and 9.48 h−1,
espectively, and the performance of the reactions over catalysts
as measured at 250, 225, 200, 175, and 150 ◦C, respectively. Reac-

ion products were analyzed by a GC-TCD equipped with columns,
orapak Q (H2, CO2, and CO) and Molecular Sieve 5A (CO2, H2O, and
H3OH) in parallel. H2, CO2, CO, H2O were found in the reforming
eactions. Methanol conversion (CMeOH), fraction of hydrogen in
ethanol being converted to H2 (FH2 ), and fraction of carbon in
ethanol being converted to CO (FCO) are generally defined as:

MeOH (%) =
(

nMeOH,in − nMeOH,out
)

nMeOH,in
× 100% (2-1)

H2 = 1  nH2

2
(

nMeOH,in − nMeOH,out
) × 100% (2-2)

CO = nCO(
nMeOH,in − nMeOH,out

) × 100% (2-3)

. Results and discussion
.1. Synthesis of tunable oxygen vacancies on ZnO

The ZnO NPs as support usually used in catalytic hydrogen gen-
ration can be prepared by chemical precipitation method under
nsity523/intensity377, each sample was normalized at peaks of 377 nm).

various conditions. Different calcination atmospheres and temper-
atures might affect the structure and properties of ZnO NPs [14].
Comparing the different XRD patterns of ZnO NPs with various cal-
cined temperatures, Fig. 1 (a)–(d) shows only hexagonal wurtzite
ZnO peaks, and no excess impurities peaks were observed for each
ZnO NPs. The size of ZnO NPs samples, derived by estimating a
ZnO(101) peak of 36.3◦, through the Debye–Scherer formula, are
displayed in Table 2 and are approximately 18.9, 19.1, 20.7, 23.1 nm,
respectively. This clearly reveals that the particle size of ZnO NPs
(b–d) increased with increasing temperature.

To confirm that the variations in structure and properties were
due to the formation of oxygen vacancies on the ZnO surface
via different calcined conditions, the PL spectra [Fig. 2 (I)] which
produced “green” luminescence at � ∼ 525 nm by defects (oxygen
vacancy, zinc vacancy, interstitial zinc, interstitial oxygen, or anti-
site oxygen, etc.) in the ZnO lattices [30–32] was studied. Dai et al.
[33] also suggested that the intense green emission is associated
with the concentration of singly ionized oxygen vacancies. Fig. 2
(I) obviously shows that the peaks of the green emission were
increased with increasing calcination temperature. Moreover, in
order to evaluate the concentration of oxygen vacancies (Cov) on
ZnO, the peak near � = 377 nm attributed to the recombination of
free excitons through an exciton–exciton collision process [34], was
normalized for each sample first. Then, the Cov were calculated
from the ratio of peak � = 377 nm and peak � = 525 nm [see Fig. 2
(I) and Table 2]. Of particular noteworthiness, the value of vZ-550
Fig. 1. XRD patterns of (a) Z, (b) vZ-450, (c) vZ-500, (d) vZ-550, (e) DP-CvZ-450, (f)
DP-CvZ-500, (g) DP-CvZ-550, (h) CP-CvZ-450, (i) CZ, and (j) CZr catalysts.
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Table 3
The atomic concentration and oxygen vacancies concentration ratio for ZnO
catalysts.

Catalyst Atomic concentration on surfacea

O1s Zn2p3

Z 58.54% 41.46%
vZ-450 36.70% 63.30%
vZ-500 37.61% 62.39%
ig. 2. The material identification of oxygen vacancies via (I) PL spectra, (II) XPS
pectra of O1s, and (III) Micro-Raman spectra over ZnO NPs samples (a) Z, (b) vZ-450,
c)  vZ-500, and (d) vZ-550.

xygen obviously decreased from 58.5% of Z to around 37% of vZ
amples, and vZ-450 (36.7%) has the lowest surface oxygen per-
entage of overall samples. The O1s core level spectra of Z in Fig. 2
II)-(a) display the main peak around 529–531 eV which is typi-
ally attributed to oxygen ions in the ZnO lattices, but for that of

Z-450, vZ-500, and vZ-550 (curve b–d) the main peak at around
30–532 eV slightly shifted to a higher binding energy. This is nor-
ally contributed to by oxygen-deficiency on the surface [35–38].
espite more oxygen-deficiency on the vZ-500 or vZ-550 measured
vZ-550 38.00% 62.00%

a Calculate via XPS experiments.

from the PL, oxygen migrating rapidly to surface at 500 ◦C or 550 ◦C
might cause higher oxygen ratios than on vZ-450 [32] (see Table 3).

To further discuss the effect of annealing temperature in the
presence of oxygen vacancies, Raman spectra [Fig. 2 (III)] was
investigated and described as follows. From the spectra, the peak
appearing at around 436 cm−1 could be assigned to E2 (high) modes
of a typical wurtzite hexagonal phase of ZnO, and the peak at
around 578 cm−1 due to superimposition of A1 (LO) and E1 (LO)
was attributed to oxygen vacancies on the ZnO [14,27]. Compared
with Z (curve a), another A1 (TO) mode which reflects the strength
of the polar lattice bonds appeared at around 379 cm−1 for four
vZ samples (curve b–d) [39]. In addition, vZ-500 and vZ-550 clearly
have the strong peak of E2 (high) mode because they had very good
crystalline quality. These results are observably confirmed by XRD.
However, the E2 (high) mode of vZ-450 was broad; presumably the
band structure of ZnO was more disordered.

3.2. The effect of prepared methods of CZ

In this study, two  methods were used to prepare CZ catalysts
which have oxygen vacancies on the surface. First, DP method
was used to load Cu on aforementioned ZnO NPs. For the result-
ing XRD pattern (Fig. 1) and particle size (Table 2), particle size
grew slightly after the second calcination, and a hard-to-distinguish
peak at around 36◦, with another peak at 38.8◦ attributed to the
discovery of small CuO particles. The CuO particle size was approx-
imately 13–14 nm of all DP-CvZ samples. The DP-CvZ samples of
Cov (Table 2) decreased a little after Cu loading, hence those oxygen
vacancies would reduce through the second calcination, or the CuO
could restrain the ZnO from emitting green luminescence. How-
ever, the DP-CvZ-550 catalyst still maintained the maximum Cov

value at 6.97.
Another way  to prepare CZ with an oxygen-vacancy catalyst

is the CP method (CP-CvZ-450). By this method, CP-CvZ-450 cat-
alyst can obtain the most minimal particle size for both ZnO and
CuO, approximately 6.9 and 5.2 nm,  respectively. To compare fur-
ther with DP-CvZ-450, CP-CvZ-450 catalyst has the lower Cov value
at 1.84 due to poor circumstances for oxygen vacancies to gener-
ate on ZnO. At the same time, poor crystallinity was obtained by
CP method. Some papers [10,40,41] also indicate more amorphous
phases and smaller particles by CP.

3.3. Hydrogen TPR

The temperature profile of the TPR pattern of CZ-based catalysts
w/wo oxygen vacancies are shown in Fig. 3. From the profiles, the
CZ (curve e) displays a main peak at T ∼ 205 ◦C, with a front shoul-
der at around 190 ◦C, which is associated with reduced interaction
with the support of CuO species; even so, the CP-CvZ-450 (curve
d) shows an analogical reduction curve, while the front shoulder

becomes more distinct. The reduction temperature of CuO species
in contact with ZnO was  lower than isolated CuO [42]. There were
similar results in our previous study [29]; thus, we suggest that the
front shoulder and main peak reveal ZnO-assisted reduction of CuO,
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Fig. 4. (a) Methanol conversion, (b) Fraction of hydrogen in methanol being con-

show, we can further confirm that those oxygen vacancies could not
only efficiently promote catalytic activity, but also raise catalytic
stability. And speculation could be made that they could not only
accelerate the reaction rate, but also simultaneously diminish the
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ig. 3. The H2-TPR profiles of freshly catalysts (a) DP-CvZ-450, (b) DP-CvZ-500, (c)
P-CvZ-550, (d) CP-CvZ-450, (e) CZ, and (f) CZr.

hich took place in a stepwise fashion. Nevertheless, interestingly,
he series of DP-CvZ catalysts (curve a–c) has a broad peak of around
80–230 ◦C, showing a similar bonding to ZnO and an identical CuO
article size as observed by XRD analysis (Table 2). Accordingly,
espite containing oxygen vacancies (DP-CvZ-450, DP-CvZ-500,
P-CvZ-550, and CP-CvZ-450), it seems that they would form a
u–Zn complex that could enhance reducibility.

Moreover, another catalyst, CZr, using ZrO2 as support, has
een extensively studied for the advantages of a monoclinic ZrO2
hase which has a relatively higher population of oxygen vacancies
43,44]. The CZr catalyst (curve f) has peaks distinct from CZ-based
atalysts. The front shoulder is located at around 175 ◦C which could
lso be attributed to the strong interaction with ZrO2 or a highly
ispersed CuO phase. In addition, the back shoulder, located at
pproximately 225 ◦C, could profile the reduction of isolated CuO
pecies or large sizes of CuO [8,43,45–47]; however, we consider
hat the former reason plays a decisive role, based on the XRD
esults (Table 2). At the same time, a significantly broad reduction
emperature range is displayed and implies unequal CuO particle
ize.

.4. Catalytic activity of POM

Catalytic activity of the catalysts was tested through POM
eaction and shown in Fig. 4. CMeOH [Fig. 4 (a)] of catalysts
isplay in an order of DP-CvZ-450 > CP-CvZ-450 > DP-CvZ-500 > DP-
vZ-550 > CZ > CZr at whole reaction temperature, but the FH2 of
P-CvZ-500, and DP-CvZ-550 catalysts [Fig. 4 (b)] exhibited lower

han that of CZ catalyst. Meanwhile, compared with the general cat-
lyst (CZ), both DP-CvZ-450 and CP-CvZ-450 catalysts effectively
romoted the catalytic activity, which performed almost ∼99% of
MeOH, ∼95% of FH2 at 250 ◦C, and also maintained ∼70% of CMeOH
nd >75% FH2 at 150 ◦C. Hence, these oxygen vacancies may  serve as
he active sites for methanol and oxygen chemisorption. Another
mportant judgment on catalytic activity over the catalysts for FCO is
isplayed in Fig. 4 (c). The CZ, without oxygen vacancies, has higher
CO, approximately 8% at 250 ◦C. At higher temperature (>200 ◦C),
he FH2 slightly decreases and FCO increases due to reverse water
as shift (rWGS) reaction [48]. For DP-CvZ-450, it can reduce FCO to
.4% at 250 ◦C and even to 0% below 200 ◦C. Significantly, for both
P-CvZ-500 and DP-CvZ-550, FCO reduces perfectly to 0% at whole

eaction temperature. Meanwhile, the CP-CvZ-450 catalyst finds a
ower FCO than CZ, with FCO only 5% at 250 ◦C and 2% at 150 ◦C

eing detected. Compared with our earlier study [21], which men-
ions CZ-based catalyst promoted by gold that has the advantage
f not only decreasing CO selectivity, but also decreasing reaction
emperature, both DP-CvZ-450 and CP-CvZ-450 catalysts without
verted to H2, and (c) Fraction of carbon in methanol being converted to CO plotted vs.
reaction temperature during POM reaction over (�) DP-CvZ-450, (�) DP-CvZ-500,
(♦)  DP-CvZ-550, (©) CP-CvZ-450, (�) CZ, and (�) CZr catalysts.

any precious metal loading have similar efficiency, even much bet-
ter.

Even so, the CZr catalyst has the worst performance (CMeOH only
65% at 250 ◦C, and ∼0% at 150 ◦C) due to the unequal size of CuO via
TPR results. Possible reasons are that the variation in the chemical
state of copper might modify charge properties or change the active
crystallographic planes by ZrO2 [11]. On the other hand, the ability
of hydrogen spillover of ZrO2 support is also worse than ZnO. Nev-
ertheless, CZr catalyst also has good FCO at only 3% (>200 ◦C) and
0% (<200 ◦C) due to oxygen vacancies on ZrO2 (see Table 2).

Last but not least, catalytic stability is shown in Fig. 5, displaying
an outstanding stability of DP-CvZ-450 catalyst, which maintains
methanol conversion at around 75% after 72 h of continuous oper-
ation at 250 ◦C. This is better than the general CZ catalyst without
oxygen vacancies on the surface (only about 65% remains after
72 h). At the same time, CZr catalyst has the worst methanol con-
version (only around 55%), despite optimum stability. As the results
Hour  

Fig. 5. Time-on-stream stability test of POM at 250 ◦C over (�) DP-CvZ-450, (�) CZ,
and  (�) CZr catalysts.
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ccumulation of heat which might let catalysts severely aggregate
uring the reaction.

.5. The mechanism of CO oxidation on CvZ with oxygen
acancies

Although, the generation of CO evidently can be efficiently
uppressed and even reach CO-free conditions on CvZ catalysts,
he mechanism of CO oxidation on CvZ with oxygen vacancies
hould be discussed. In recent years, CO oxidation has been widely
esearched over precious metal catalysts, such as Au/ZrO2, or
u/CeO2, etc. [49,50]. CeO2 and ZrO2 could play the major role of
ot only oxygen storage capacity, but also oxygen mobility via oxy-
en vacancies in the lattice [51,52]. It is believed that the oxygen
acancies are favored to adsorb oxygen to form superoxide (O2

−)
pecies, thereby catalyzing the CO oxidation reaction [53,54]. Con-
equently, in our case, we suggest that the catalysts with oxygen
acancies on the surface can promote the adsorption of reaction
ases (oxygen and methanol) at lower temperature and generate
oveable oxygen species while increasing CO oxidation. To con-

rm this mechanism, the O2-TPD experiment was conducted on the
nO samples, as shown in Fig. 6. The O2-TPD profile of ZnO exhibits

 desorption peak started from room temperature and decreased
uickly at T < 100 ◦C [Fig. 6 (a)]. This peak corresponds to the weak
onding of oxygen, which can easily desorb from the ZnO without
xygen vacancies. However, after modifying the surface proper-
ies, the desorption of O2 is found not only at low temperature, but
lso at T > 200 ◦C [Fig. 6 (b) and (c)]. Moreover, with increasing the
mount of oxygen vacancies on the ZnO surface, the desorption of
2 continued up to the end temperature of 450 ◦C. Comparing Fig. 6

a) and (c), the amount of O2 adsorbed on the surface of ZnO can be
ncreased at least 70 times due to the existence of oxygen vacancies.

Furthermore, the in-situ DRIFTS of POM reaction gas chemisorp-
ions on the catalyst w/wo oxygen vacancies at room temperature
re discussed. Fig. 7 (I) shows that the gaseous MeOH band is
ocated at the range of 3050–2800 cm−1 which can be assigned to
he stretching of the C–H bond; however, it would shift to 2928,
895, and 2814 cm−1, contributed by methoxy groups (CH3O*) after
eing adsorbed on the catalyst [55,56]. Comparing the catalysts of

 and vZ-450, there are no adsorption peaks on Z catalyst, due to
he lack of Cu species, which is the cardinal active site of methanol

dsorption [55]. But the vZ-450 catalyst has obvious adsorption
eaks which upon speculation suggest that the POM gases can
e adsorbed onto the oxygen vacancy sites. Meanwhile, we can
iscover that the IR adsorption peaks of methoxy on DP-CvZ-450
Fig. 7. In-situ DRIFTS for (I) POM reaction gases chemisorptions and (II) CO
chemisorptions over (a) Z, (b) vZ-450, (c) CZ, and (d) DP-CvZ-450 catalysts.

catalyst are larger than on CZ catalyst, which means oxygen vacan-
cies can effectively promote the POM gas chemisorption. To further
confirm the effect of oxygen vacancies, another in-situ DRIFTS
for CO chemisorption experiments is shown in Fig. 7 (II). The CO
gas phase band is located at 2173 and 2115 cm−1, and after CO
chemisorption on the catalysts, the peaks shifted to 2082 and
2054 cm−1 [57]. It also obviously shows that more CO gases were
adsorbed on the CvZ with oxygen vacancies. Significantly, oxy-
gen vacancies provide sites for the adsorption of a particular gas
containing oxygen atoms, such as oxygen, methanol, or carbon
monoxide.

To further affirm whether the CO oxidation reaction is related
to oxygen vacancies, the (I) 1st CO-TPR and (II) 2nd CO-TPR were
tested and are shown in Fig. 8. Obviously, as shown in the 1st CO-
TPR result [Fig. 8 (I)], the CuO reduction peak shifts from 240 to
165 ◦C when the catalyst contained oxygen vacancies. After the
1st CO-TPR, both catalysts w/wo oxygen vacancies were oxidized
through air at room temperature for 0.5 h, and then the 2nd CO-
TPR [Fig. 8 (II)] was  done. Both catalysts w/wo  oxygen vacancies
have a broad peak at around 30–120 ◦C, which is the contribution
of physical adsorption oxygen on the Cu surface. Regarding the cat-
alyst containing oxygen vacancies, there also are other peaks at
about 150 and 315 ◦C, which can be assigned to partial copper oxide
on the surface and the oxidation of oxygen vacancies on ZnO sur-
face, respectively. This result again indicates that oxygen vacancies
may  not only accelerate the rate of O2 chemisorption and further
oxidize surface Cu, which is an important initiation step in POM,
but also accelerate CO chemisorption and catalytic reaction at low
temperature (∼150 ◦C).
Since the reactivity of POM is first dependent on chemisorbed
methanol and oxygen, lower adsorbed temperature and higher
concentration of these intermediates might be in response to the
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Fig. 9. In-situ DRIFTS spectra of surface species evolution during thermal treat-
ig. 8. (I) 1st CO-TPR and (II) 2nd CO-TPR of fresh (a) CZ and (b) DP-CvZ-450 catalysts.

xistence of oxygen vacancies on the catalyst surface. When the
eaction temperature exceeding the Ti (temperature start to pro-
uce hydrogen), those chemisorbed intermediates would quickly
ecompose and generate products, including H2, CO2, H2O, and
O. To further realize the surface species or intermediates on
he CZ and CvZ catalysts during the POM reaction, in-situ DRIFTS
Fig. 9) was examined. The IR spectra [Fig. 9 I (a) and (b)] of
he surface species on the CZ catalyst in the POM reaction at
60 and 180 ◦C, display very weak absorbance bands of methoxy
roups (CH3O*) at 2928, 2895, 2814, 1443, and 1060 cm−1 [55,56],
nd formate species at 2967, 2882, 1570, 1370 cm−1 [58], which
ere formed from the dehydrogenation of methoxy via formalde-
yde [59]. By contrast, with the function of oxygen vacancies on
he surface of CvZ-450 catalyst [Fig. 9 II (a) and (b)], more for-

ate species were formed. Formaldehyde species is not detected
n our present study which could be due to its rapid oxidation
nto formate species. Because oxygen is required for the par-
ial oxidation of formaldehyde into dioxymethylene which is the
recursor of formate, more moveable oxygen species existing on
he surface of CvZ catalyst with oxygen vacancies [see TPD data
n Fig. 6 (b) and (c)] might enhance the formation of formate.
n addition, the bands at 1570 and 1370 cm−1 are specifically
ssigned to the asymmetric and symmetric O–C–O stretching of
he adsorbed bidentate formate species, respectively [60,61]. It is
nteresting to find that more intensely symmetric O–C–O biden-
ate at 1360 cm−1 formate group formed on the CvZ catalyst at

60–180 ◦C [Fig. 9 II (a) and (b), III (a) and (b)], which should be
ue to bridging with the moveable oxygen on the metallic oxide.

n addition, there was a broad band at 3100–3500 cm−1 which
ment of methanol/oxygen adsorption on (I) CZ, (II) DP-CvZ-450, and (III) DP-CvZ-500
catalyst (a) 160 ◦C, (b) 180 ◦C, (c) 200 ◦C, and (d) 300 ◦C.

can be assigned to hydroxy groups (OH*) increasing with tem-
perature, implying that the oxygen source reacts with methanol
to form OH* groups on the CZ. However, comparatively weak
absorbance peaks on the CvZ catalysts at T > 200 ◦C were observed.
This implies moveable oxygen species on the surface of CvZ cat-

alyst prefer not to combine with H*, but more so with CO*, or
to form other carbonate species. Moreover, bidentate carbon-
ate species at 1220 cm−1 were observed on the surface of CZ at
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 > 250 ◦C It usually formed on the surface of ZnO at high tem-
erature due to the presence of Cu dissolved in the ZnO matrix
hich modified the support adsorption properties. Lack of oxy-

en vacancy on the surface of ZnO might restrict the movability
f oxygen and result in the formation of surface carbonate. How-
ver, excess oxygen vacancies might provide more free moveable
xygen species on the ZnO surface and induce the formation of
arbonate species. In evidence, carbonate species can be formed
t 160 ◦C on the CvZ-500 and increase the amount with rising
emperature [Fig. 9 III (a)–(d)]. Possible pathways are schemed as
ollows:

OH*

200 
0
C

COO

CO*
H*+
H*+

160-180 
0
C

H*
HCOO*H3OH+O2+*

160-180 
0
C

CH3O*
H*
O*

Moreover, according to Gibbs’ free energy fundamental equa-
ions, the G◦ of CO oxidized reaction is −257.2 kJ/mol which is lower
han the H2O formation (G◦ = −228.6 kJ/mol), so these moveable
xygen species would likely catalyze CO* to CO2 first. Neverthe-
ess, the H2O formation would take place when overtaken by the
mount of Cov to completely catalyze CO.

Compared with our previous studies [21,29] concerning CuZn-
ased catalysts promoted by gold, the non-precious metallic
uZn catalysts containing oxygen vacancies can achieve analogous
ffects including lowering the POM reaction temperature (Tr), as
ell as improving catalytic reactivity, and lowering CO concentra-

ion much better.

. Conclusions
We  have successfully generated oxygen vacancies on non-
recious metallic CuZn-based catalysts by simple and inexpensive
reparation methods, including DP and CP. Furthermore, we also
an fine tune the concentration of oxygen vacancies by adjusting
onmental 150– 151 (2014) 506– 514 513

O*
50 

0
C 

CO3*
CO2(g)+*

CO2(g)+*
H2(g)+*
OH*+*
H2O(g)+*

calcination conditions, including atmosphere and temperature. The
DP-CvZ-450 catalyst has the best catalytic activity, with almost
complete conversion of methanol at 250 ◦C and maintaining good
conversion around 75% at 150 ◦C. Higher hydrogen production and
lower carbon monoxide (0–4%) also have been attained. More-
over, a CO-free situation (0%) at whole-reaction temperature can
be achieved on the DP-CvZ-500 and DP-CvZ-550 which con-
tained more oxygen vacancies, but extra Cov might enhance the
generation of H2O and generate more carbonate species on the
surface. In addition, our study supports the conclusion that oxygen

atoms from POM gases (methanol and oxygen) would easily adsorb
onto catalysts via oxygen vacancies and generate moveable oxygen
species. The amount of O2 adsorbed on the surface of ZnO can be
increased at least 70 times due to the existence of oxygen vacancies.
These oxygen vacancies efficiently assist with the decomposition or
generation of intermediate species during the POM reaction, and
simultaneously promote CO oxidation processes, as well as raise
stability. Finally, without any other precious or transition metals,
these catalysts can enormously reduce the cost, maintain high
activity, and maybe open up new opportunities for other catalytic
fields.
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