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Catalytic performance of copper supported on zirconia
polymorphs for CO hydrogenation
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Abstract

Cu/ZrO2 catalysts with amorphous, monoclinic and tetragonal zirconia as supports were prepared and characterized by XRD, H2-TPR,
N2O-titration, FT-IR and CO hydrogenation techniques. It was found that zirconia polymorphs had a great influence on the interaction of
Cu and ZrO2. Though it had the lowest surface area, tetragonal zirconia supported copper catalyst showed the highest copper dispersion
and the best catalytic performance for methanol synthesis from CO hydrogenation. The formate and methoxyl species were evidenced as
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ntermediates by FT-IR in the case of CO hydrogenation, and the formate-to-methoxyl mechanism was suggested for methanol s
u/ZrO2 catalyst.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Cu/ZrO2 catalysts showed interesting catalytic behavior
or CO and CO2 hydrogenation[1]. Zirconia by itself was

catalyst for the synthesis of methanol, in contrast to SiO2
nd Al2O3 and, in addition, it provided adsorption sites for

ormation of surface intermediates. Furthermore, Cu/ZrO2
atalyst exhibited mechanical stability, a moderately high
pecific surface and good semiconducting properties. Mech-
nistic studies of methanol synthesis have demonstrated that
irconia played an important role in CO/CO2 hydrogenation.
he high catalytic activity of Cu/ZrO2 was unanimously as-
ribed to the special active sites, but the precise role of these
ctive sites was difficult to understand and still controver-
ial in the literature. Shibata et al.[2] and Baiker et al.[3]
roposed that copper was incorporated in zirconia with high
urface area, and the decrease of the methanol synthesis rate
as due to the crystallization of the initial amorphous zirco-
ia. For the sol–gel derived Cu/ZrO2 catalyst, Sun[4,5] found

∗

that strength and nature of the interaction between disp
copper and zirconia rather than surface area was decisi
CO/CO2 hydrogenation. Furthermore, Chen et al.[6] claimed
that the high activity of Cu/ZrO2 might be attributed to cop
per to zirconia electron transfer. In situ FT-IR results sho
that the formate and methoxyl species formed on zirc
for CO/H2 adsorption on ZrO2/SiO2 or Cu/ZrO2/SiO2 [7].
The presence of Cu greatly accelerated the hydrogen
of formate to methoxyl species. Therefore, methanol syn
sis over Cu/ZrO2/SiO2 was envisioned on zirconia, and
spillover of the species activated on copper to zirconia
critical to methanol synthesis activity.

Other controversy concerning the nature of the surfac
termediates which was pivotal to the formation of metha
was well known. Indeed, for most of authors, the form
species was the precursor of methanol, whereas for
authors, this pivotal species was the bidented carbo
which was directly hydrogenated to the methoxyl spe
On the basis of various studies of CO hydrogenation
well as the reaction of syngas on pure zirconia and zirco
supported catalysts, Ekerdt et al.[8,9] proposed a low tem
Corresponding author. Tel.: +86 351 4049612; fax: +86 351 4041153.

E-mail address:yhsun@sxicc.ac.cn (Y.-H. Sun). perature mechanism in which formate was hydrogenated to
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dioxymethylene, which could either further react with hy-
drogen, producing the methane, or be desorbed as methanol
in the presence of water. Wokaun et al.[10,11] found that
�-bonded formaldehyde, which was formed during the cat-
alytic reaction of CO hydrogenation, was the key intermedi-
ate. Subsequent reduction yielded surface-bound methylate
and methanol.

At the same time, zirconia was claimed to exhibit three dif-
ferent polymorphs, and the phase structure of zirconia was
important for many materials and catalytic reactions. Jung
and Bell [12] reported that Cu/ZrO2 catalysts with tetrago-
nal and monoclinic zirconia as supports exhibited different
activity for methanol synthesis from both CO and CO2 hydro-
genation. And He et al.[13] found that the tetragonal zirconia
exhibited a high activity to form ethanol and the monoclinic
zirconia showed high activity to formiso-butanol.

However, there was little report about the effect of zirco-
nia polymorphs on Cu–ZrO2 interaction and copper state and
then on the relationship between active sites and methanol
synthesis from CO hydrogenation. In this work, amorphous,
monoclinic and tetragonal zirconia supported copper cata-
lysts were prepared and then characterized by XRD, H2-TPR,
N2O-titration and FT-IR techniques, and the catalytic perfor-
mance of methanol synthesis from CO hydrogenation were
also investigated.
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Powder X-ray diffraction (XRD) patterns were recorded
on a Rigaku D/Max diffractorments equipped with a Cu target
and Ni filter.

TPR runs were carried out in a U-tube quartz reactor at a
heating rate of 10 K/min with a programmable temperature
controller. A hydrogen-nitrogen mixture (containing 5 vol.%
of hydrogen) was passed over 50 mg catalysts at a total flow-
rate of 30 cm3 /min and hydrogen consumption was moni-
tored by a thermal conductivity cell attached to a gas chro-
matograph. The effluent gas was passed through a cold trap
placed before TCD in order to remove water from the exit
stream of the reactor. The hydrogen consumption of various
catalysts was calculated on the basis of the area of their TPR
profiles and the profile of the standard sample of CuO.

The copper surface area (SCu) was determined by apply-
ing a nitrous oxide pulse method as described in the litera-
ture [14,15]. A catalyst sample was placed in a quartz tube
reactor and reduced at 573 K for 4 h in flowing hydrogen.
After reduction, the gas flow was switched to argon and the
temperature was lowered to 353 K. A pulse of nitrous ox-
ide was introduced into the argon flow by means of a cal-
ibrated sample valve. The exit gas was analyzed by mass
spectrometer. Copper surface area was calculated from the
amount of nitrogen evolved, assuming the dissociation of
nitrous oxide takes place on surface copper (average atom
d 19 2
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.1. Catalysts preparation

Samples were prepared by impregnating different zirc
olymorphs with Cu(NO3)2 solution of the desired conce

rations and then dried and calcined at 623 K for 3 h. Co
ontent was 10 wt.%, and the density of catalysts was a
.3 g/ml. Amorphous zirconia (am-ZrO2) was prepared from
solution of oxychloride zirconium co-precipitation with a
onia. After aging in the mother liquid for 3 h, the gel w

ltered with distilled water until chloride test negative
gNO3 and then dried and calcined at 623 K for 3 h. T
recipitate prepared as above aged for 5 days in the m

iquid at 323 K, and then dried and calcined at 823 K for
onoclinic zirconia (m-ZrO2) could be obtained. Tetragon

irconia (t-ZrO2) was prepared by co-precipitating a solut
f oxychloride zirconium with sodium carbonate, follow
imilar filtering and drying to am-ZrO2 and m-ZrO2, and then
recipitate was calcined at 823 K for 3 h.

.2. Characterization of catalysts

The specific surface areas of the catalysts were mea
sing Tristar 3000 Chemical Adsorption Instrument. B
urface areas were calculated from the linear part of the
lot, and pore size distribution was estimated from the
orption branch of the isotherm by the method of Hor
nd Kawazoe.
ensity: 1.49× 10 atoms/m):

2O (g) + 2Cus= N2 (g) + (Cu O Cu)s (1)

The diffuse reflectance FT-IR (DRIFT) method was
cribed previously[16]. Spectra were recorded using Nico
agna-II 550 FT-IR spectrometer equipped with Spec

ech Diffuse Reflectance Accessory and a high temper
n situ cell with ZnSe windows. A KBr beam splitter has b
sed with a TGS detector. The catalyst was reduced in s
73 K for 4 h under atmospheric pressure by a stream o2.
fter switching to Ar, the sample was cooled down to 37
nd H2/CO (2:1 mol) was introduced for 15 min. Thereaf

he system was cooled to the room temperature, swep
rgon (99.99%) and collected the IR spectra. Then the tem
ture of system was increased to other desired value (be
73 and 573 K). Subsequently, the above-mentioned ex
ents procedure was applied again. Each spectrum wa

eferenced to a spectrum of the catalyst colleted at the
emperature under H2 flow before adsorption CO/H2, as ap
ropriate.

.3. Catalytic activity test

CO hydrogenation tests were carried out using a s
ess steel fixed-bed reactor, which contained 1.0 ml cata
ll catalysts were reduced in H2 (5% in N2) flow at 573 K
nd atmospheric pressure for 6 h before syngas expo
himazu-8A GC was used to analyze the products. H2, CO,
H4 and CO2 were determined by thermal conductivity d

ector (TCD) equipped with a TDX-101 column. Water a
ethanol in liquids were also detected by TCD with a GD
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401 column. The alcohols and hydrocarbons were analyzed
by flame ionization detector (FID) with a Propake-Q column.

3. Results and discussion

3.1. Textural and structural properties

Three catalysts exhibited large differences in BET surface
area, pore volume and pore size (seeTable 1). The BET sur-
face area of Cu/am-ZrO2 catalyst was as high as 147.9 m2 /g
with the pore volume of 0.14 cm3 /g. Cu/m-ZrO2 catalyst had
the largest pore size and moderate surface area and pore vol-
ume. The BET surface area of Cu/t-ZrO2 catalyst was only
24.5 m2 /g. These differences might be associated with zirco-
nia polymorphs.

Fig. 1 shows the XRD patterns of three Cu/ZrO2 cata-
lysts. Zirconia polymorphs hardly changed after impregnat-
ing copper. The diffraction peaks of monoclinic or tetragonal
zirconia were predominant for Cu/m-ZrO2 and Cu/t-ZrO2
catalysts. Two weak diffraction peaks of copper oxide were
observed on Cu/m-ZrO2 catalyst at 25.5◦ and 38.8◦. But for
Cu/t-ZrO2 catalysts, diffraction peaks of copper oxide were
hardly detected, which indicated that the copper dispersion
on Cu/t-ZrO2 catalyst was highest among three catalysts, and
c alyst
s

N
t -
h was
i
c ugh it

Fig. 2. H2-TPR curves of three Cu/ZrO2 catalysts.

had smallest surface area. These differences might originate
from the different surface properties of zirconia polymorphs.
Hertl [17] suggested that zirconia polymorphs showed differ-
ent acid–base properties: tetragonal zirconia possessed high
basicity while monoclinic zirconia and amorphous zirconia
had relative high acidity. During catalysts preparation, sur-
face properties of zirconia polymorphs impacted the interac-
tion between Cu2+ and zirconia. Copper could be dispersed
highly on the relative basicity surface, and resulted in the
higher copper surface area of Cu/t-ZrO2 catalyst.

3.2. Reduction behavior

The TPR curves of catalysts were shown inFig. 2. For
quantitative analysis, all of the peaks that could be deconvo-
luted by a Gaussian-type function were integrated to evaluate
their individual amounts (seeTable 2). Three peaks could be

Table 2
H2 consumption estimated by H2-TPR

Catalysts H2 consumption (mmol H2 × 10−2)

�1 �1 � Total

Cu/am-ZrO2 6.12 0.57 0.98 7.67
Cu/m-ZrO2 1.02 3.80 2.38 7.20
Cu/t-ZrO2 2.11 5.64 – 7.75

T
T

C P

C
C 1
C

opper oxide particles might disperse highly on the cat
urface.

Copper dispersion and surface area determined from2O-
itration were also listed inTable 1. Cu/m-ZrO2 catalyst ex
ibited the smallest copper surface and dispersion, which

n line with the XRD results. While for Cu/t-ZrO2 catalyst, the
opper dispersion and surface area were the highest tho

Fig. 1. XRD patterns of three Cu/ZrO2 catalysts.

able 1
extural and structural of three Cu/ZrO2 catalysts

atalysts SBET (m2/g) VP (cm3/g)

u/am-ZrO2 147.9 0.14
u/m-ZrO2 38.2 0.12
u/t-ZrO2 24.5 0.04
a Determined from N2O-titration.
ore size (nm) SCu
a (m2/g) Cu dispersiona (%)

3.1 3.9 2.3
3.1 3.5 2.1
5.1 4.6 2.7
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seen at 452 K (referred to as peak�), 470 K (peak�, a shoul-
der of�) and 579 K (peak�) for Cu/am-ZrO2 catalyst. The
hydrogen consumption of� peak was several times higher
than that of� and� peaks, and the peaks� and� temperature
were lower compared to the peak� temperature. Hence, the
reduction of� and� peaks seemed to be the extrinsic behavior
of copper oxide. Shimokawabe et al.[18] have demonstrated
that the low temperature peak centered at 490 K was due to
the reduction of highly dispersed cupric oxide and/or iso-
lated Cu2+ ions in an octahedral environment, while the high
temperature one corresponding to the range of 520–570 K
ascribed to reduction of the bulk-like copper oxide. There-
fore peaks� and� were ascribed to the reduction of highly
dispersed cupric oxide clusters and/or the isolated copper ion
with strong or weak interaction with support, while the� peak
was ascribed to reduction of the bulk CuO.

It was interesting to note that five peaks at 431 K (peak
�1), 452 K (peak�2), 470 K (peak�1), 507 K (peak�2)
and 579 K (peak�) were obtained during the reduction of
Cu/m-ZrO2 catalyst. Zhou[19] ascribed the� and� peaks to
the reductions of highly dispersion copper species whereas
� peak was attributed to the reduction of bulk copper oxide.
Dow et al.[20] found two low temperature peaks below 450 K
when copper oxide supported on yttrium-stabilized zirconia
(YSZ). The reduction peaks were contributed to the hydro-
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mate contact between copper and zirconia might facilitate
H2 activation, an important step required for the copper re-
duction. Hence, the reduction performances of Cu/ZrO2 cat-
alyst were largely related to the surface properties of zirconia
supports, which possessed varied surface properties and had
great influence on copper oxide environment and interaction
with zirconia. Successively, influence on the formation of dif-
ferent copper oxide species was evidenced by the different
reduction performance of three Cu/ZrO2 catalysts.

3.3. DRIFT spectra of CO/H2 adsorption

Fig. 3shows the reaction of CO/H2 on three Cu/ZrO2 cat-
alysts as a function of adsorption temperature. When syngas
adsorbed on Cu/am-ZrO2 catalyst at 373 K, a CO band at
2120 cm−1 was detected and red-shifted to 2113 cm−1 when
reaction temperature changed from 373 to 573 K, while the
intensity changed little, which reflected that the surface cop-
per state changed slightly as a function of reaction tempera-
ture. In addition, the bicarbonate and carbonate species with
the bands at 1619, 1554, 1360 and 1320 cm−1 were observed.
Simultaneously, the formate species with the characteristic
bands at 1577 and 1377 cm−1 was detected. After syngas
adsorbing on Cu/am-ZrO2 catalyst at 523 K for 15 min, be-
sides the formate species, a new peak located at 1157 cm−1
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en consumption of weakly bonded oxygen ions of co
xide located on and beside the surface oxygen vaca
f YSZ support. According to the integrated results of T
eaks shown inFig. 2 and hydrogen consumption listed
able 2, the peaks�1 and�2 of Cu/m-ZrO2 catalyst were
elated to the surface oxygen vacancies of monoclinic z
ia with special geometry structure. At the same time,
peaks were ascribable to the reduction of highly dis

ion copper species with different environment or interac
ith monoclinic zirconia support, and the� peak could b
ontributed to the reduction of bulk copper oxide.

Cu/t-ZrO2 showed three peaks at 451 K (peak�), 495 K
peak�1), and 507 K (peak�2), and no� peak could be see
he�1 peak temperature was higher than that of Cu/m-Z2
atalyst, indicating that some copper species on Cu/t-2
as difficult to be reduced. XRD pattern and N2O-titration
howed copper was dispersed highly on Cu/t-ZrO2 catalyst
ence, the interaction of copper with zirconia was intim
hich impacted the reduction of copper oxide. Similar to
bove, the peaks� and� might be related to the reduction
ighly dispersion copper species with different environm
nd interaction with zirconia. And the absence of reduc
f bulk copper oxide also implied the highly dispersed co
n Cu/t-ZrO2 catalyst.

In fact, from a point of catalysis, the reduction of C
ould be viewed as an autocatalytic process after ex
ncing an initial induction period during which hydrog
olecule was activated[21]. It was reported that a large co

entration of defects in the oxide would lead to a decr
n the induction time. Being p-type semiconductor, zirco
ossessed abundant oxygen defects and, therefore, a
 -

as detected, which was ascribed to the rocking vibra
f C H species[11], indicating that the methoxyl spec
as formed at 523 K. Other bands of methoxyl species
ould be found when reaction temperature reached 5
he symmetric and antisymmetric stretching vibration

he CH3 group at 2930 and 2823 cm−1, the symmetric defo
ational motion of CH3 group at 1465 cm−1, and the CO

tretching bands at 1049 cm−1 were obviously appeared.
In the case of CO/H2 reaction over Cu/m-ZrO2 catalyst

O band behaved similarly to CO adsorption on Cu/am-Z2
atalyst as temperature changing. The intensity of CO
ecreased as a function of reaction temperature, while
anced when reaction temperature reached 573 K. CO d
ortionation was reported to occur on the surface of the

yst, i.e. 2CO→ C + CO2. The graphite carbon deposited
he active sites, which then enshrouded the CO adsorptio
esulted in the decrease of band intensity. TPR results sh
hat the copper species on Cu/m-ZrO2 catalyst had compl
ated environment and interaction with monoclinic zirco
elow 573 K, the copper oxide on Cu/m-ZrO2 catalyst could
ot be reduced entirely. Hence, with the temperature inc

ng, syngas reacted with copper oxide and then cause
urther reduction of copper oxide, which then caused th
rease of CO band at 573 K. On the other hand, the for
pecies with band at 1573 and 1370 cm−1 was detected an
ecame the major species even at 373 K, these may be

ributed to the abundant surface hydroxyl on monoclinic
onia[22]. The intensity of formate species became str
nd then reached the maximum as the temperature incre
t the same time, the methoxyl species with bands at 2
827, 1153 and 1049 cm−1 appeared when the temperat



Z.-Y. Ma et al. / Journal of Molecular Catalysis A: Chemical 231 (2005) 75–81 79

Fig. 3. Difference DRIFT spectra of CO/H2 adsorption on three Cu/ZrO2
catalysts as a function of temperature: (a) 373 K; (b) 473 K; (c) 523K; (d)
573 K.

reached 523 K. As the temperature increased further, the in-
tensity of formate peaks decreased and the methoxyl peak
enhanced largely (seeTable 3). The decrease of formate
species could be explained by the transformation of formate
to methoxyl species under hydrogen atmosphere at high tem-
perature, which also could be evidenced by the enhancement
of the methoxyl species.

When syngas adsorbed on Cu/t-ZrO2 catalyst, the behav-
ior behaved differently to those of two former catalysts. CO
band located at 2090 cm−1 without red shift was detected,
indicating large difference in copper state on Cu/t-ZrO2 cata-
lysts. This was in accordance with the TPR results that copper
oxide could be thoroughly reduced above 573 K on Cu/t-ZrO2
catalyst. CO bound on metallic copper had been shown to
manifest stretching frequencies typically below 2110 cm−1.
The band of CO adsorption on Cu+ sites has been reported
between 2110 and 2135 cm−1 [23]. Therefore, the metallic
copper species existed on Cu/t-ZrO2 catalyst and the Cu+

species or some Cu�+ species (�+ refer to the charge between
0 and +1) appeared on Cu/am-ZrO2 and Cu/m-ZrO2 catalysts.
Another difference for Cu/t-ZrO2 catalyst was the CO2 band
appeared at about 2356 cm−1, which was stronger than that
of other two catalysts. Carbonate and formate species with
bands at 1640, 1370, 1460, and 1330 cm−1 also appeared at
373 K, while carbonate species with a shoulder at 1640 cm−1

was hardly disappeared even at 573 K. These might be corre-
sponding to the properties that tetragonal zirconia possessed
enhanced capacity of formation carbonate species[24]. It
was interesting to note that methoxyl species with bands at
1153 and 1056 cm−1 was detected even at 473 K (seeFig. 3),
which appeared at lower temperature compared to other two
catalysts. The formate species was enhanced at elevated tem-
p with
t se of
f
b
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a
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C f re-
a
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erature and then hydrogenated to methoxyl species
emperature increasing further, as proved by the decrea
ormate species at 573 K. In the region of 1200–1000 cm−1,
esides the methoxyl species bands at 1153 and 1056 cm−1, a
houlder band located at 1103 cm−1 was observed. This ba
lso could be attributed to another type of CO vibration
f methoxyl species, which reflected the complex meth
pecies formed on Cu/t-ZrO2 catalyst.

Table 3 listed the absolute intensity of the HCOO a
H3O species during CO hydrogenation as a function o
ction temperature. In the case of Cu/am-ZrO2 catalyst, the

ntensity of formate species increased as the temperatu
reasing. While for Cu/m-ZrO2 and Cu/t-ZrO2 catalysts, th

ntensity of formate showed a maximum at 523 K, and
ecreased with the rise of reaction temperature. The dec
ould be explained by the conversion formate to meth
pecies. This difference also suggested that the convers
ormate to methoxyl on Cu/am-ZrO2 catalyst was lower tha
hat on other two catalysts. The intensity of HCOO specie

able 3
he absolute intensity of CO, HCOO and CH3O species on Cu/ZrO2 cata-

ysts as a function of temperature

emperature (K) HCOO CH3O

A B C A B C

73 – 3.82 5.07 – – –
73 10.54 14.21 13.08 – – 1.07
23 18.99 20.60 14.27 2.71 8.06 5.69
73 23.85 18.34 11.65 9.90 15.64 10.11

: Cu/am-ZrO2; B: Cu/m-ZrO2; C: Cu/t-ZrO2. Calculated from the band
R spectra.
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Table 4
Catalytic performances of three Cu/ZrO2 catalysts

Catalysts CO conversion (%) Yield (g ml−1 h−1) TOF Carbon selectivity (%)a

HCb ROH

Cu/am-ZrO2 11.30 0.11 2.86 25.31 74.69
Cu/m-ZrO2 9.28 0.07 2.64 20.13 79.87
Cu/t-ZrO2 13.96 0.22 3.05 7.38 92.62

Reaction conditions:T= 573 K,P= 8.0 MPa, GHSV = 5000 h−1, H2/CO = 2.0.
a Selectivity based on number of atoms per gram carbon = [number of CO converted to given product/total number of CO converted]× 100%.
b HC: hydrocarbons.

Cu/m-ZrO2 catalyst was higher than that of Cu/t-ZrO2 when
reaction temperature was above 373 K. And this was also the
course in the intensity of CH3O. Above 523 K, the intensity
of CH3O was almost two times higher on Cu/m-ZrO2 than on
Cu/t-ZrO2 catalyst. These differences were attributed to the
abundant surface hydroxyl and higher Lewis acidity/basicity
of Zr4+/O2− pairs presented on the surface of monoclinic
zirconia.

3.4. Catalytic performance

The activity and selectivity of CO hydrogenation over
three Cu/ZrO2 catalysts were listed inTable 4. Cu/t-ZrO2
catalyst showed higher activity and selectivity to methanol
synthesis from CO hydrogenation than the two other cata-
lysts. The CO conversion and space-time yield were only
11.30%, 0.11 g/ml h and 9.28%, 0.07 g/ml h for Cu/am-ZrO2
and Cu/m-ZrO2 catalysts, respectively. The Cu/t-ZrO2 cata-
lyst was three times more active for methanol synthesis than
that of Cu/m-ZrO2 catalyst. On the basis of the data listed
in Table 4the conclusion could be made that tetragonal zir-
conia was the best support for methanol synthesis from CO
hydrogenation compared to amorphous and monoclinic zir-
conia. These results were consistent with what He et al.[13]
reported that the tetragonal phase showed better catalytic per-
f ono-
c of
r re-
s talytic
a FT-
I
s
c

CO
h con-
s eded
f yl to
m dro-
g
s pper
t than
t iting
s
a tep
i the

transient-response experiments. He deduced that the trans-
formation of formate to methoxyl occurred more readily than
that of methoxyl to methanol and that the latter reaction might
be the difficult step along the route to gas-phase methanol.
Methoxyl species could be eliminated by hydrogenation or
hydrolyzation to methanol, while the latter case was rapi-
der than the former[27]. The inconsistent of FT-IR spectra
shown inFig. 3 and Table 3with the CO conversion and
methanol space-time yield might be resulted from the influ-
ence of rate-limiting step in the case of methoxyl conversion
to methanol. The water required during the hydrolyzation
methoxyl to methanol could be produced by the reversed wa-
ter gas shift reaction (RWGS), which occurred predominantly
on the Cu surface, and this process was not affected signifi-
cantly by the presence of zirconia. While the copper species
was much affected by the zirconia polymorphs, confirmed by
H2-TPR and FT-IR, hence, zirconia polymorphs impacted ef-
fect indirectly on the RWGS reaction. The reaction of CO2
and H2 was conducted to determine the RWGS reaction on
three copper catalysts at 573 K (seeFig. 4). It was found that
the CO band on Cu/t-ZrO2 catalyst was the strongest among
three Cu/ZrO2 catalysts. Therefore, combined with that in
Fig. 3, the conclusion could be made that the RWGS reaction
on Cu/t-ZrO2 catalyst was strong and could supply more wa-
ter to hydrolyze the methoxyl to methanol, subsequently, this
c ugh
i

F cata-
l

ormance for CO hydrogenation compared to that of m
linic phase. And He et al.[25] also examined the effect
eaction condition on the catalytic performance, but the
ults also showed that tetragonal phase had higher ca
ctivity than that of monoclinic phase. While the present

R results indicated that the intensities of HCOO and CH3O
pecies were stronger on Cu/m-ZrO2 than on Cu/t-ZrO2
atalyst.

In the case of mechanism for methanol synthesis from
ydrogenation, the formate and methoxyl species were
idered to be the intermediates. And the reaction proce
rom bidented formate via dioxomethylene and methox
ethanol. The required atomic hydrogen during the hy
enation formate to methoxyl was rapidly formed by H2 dis-
ociated on copper, and the hydrogen spillover from co
o zirconia was more than an order of magnitude faster
he rate of methanol formation, and, hence, not a rate-lim
tep in the synthesis of methanol over Cu/ZrO2 [26]. Fisher
nd Bell[7] investigated the nature of the rate-limiting s

n the methanol synthesis from CO hydrogenation by
atalyst exhibited the highest catalytic performance, tho
t showed weaker methoxyl band.

ig. 4. Difference DRIFT spectra of RWGS reaction on three copper
ysts at 573 K.
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Fig. 5. Difference DRIFT spectra of CO adsorbed on three copper catalysts
after removing reactants flow.

For methanol synthesis, Cu played an important role in the
spillover of CO from Cu to ZrO2 and in dissociating hydro-
gen to transform formate to methoxyl. Several possible active
centers have been proposed including CuI [28,29] Cu0–CuI

[30,31] and copper metal[14,32]. In order to detect the in-
fluence of different zirconia polymorphs on the copper state
and the ratio of Cu0 and Cu+, a new experiments of in situ
CO-chemisorption after removing reactants flow (and prod-
ucts) was carried out. Different CO band was observed on
three Cu/ZrO2 catalysts (Fig. 5). The bands at 2115 and a
shoulder at 2095 cm−1, ascribed to CO adsorbed on Cu+ and
Cu0, were detected on Cu/am-ZrO2 and Cu/m-ZrO2 cata-
lysts. While almost no band at 2115 but at 2095 cm−1 was
observed on Cu/t-ZrO2 catalyst. These meant that the Cu0

existed on three Cu/ZrO2 catalysts while Cu+ only existed
on Cu/am-ZrO2 and Cu/m-ZrO2 catalysts. Based on the cat-
alytic performance, the conclusion could be made that the
Cu0 species played an important role in the methanol synthe-
sis from CO hydrogenation.

4. Conclusion

Zirconia polymorphs inflicted great difference on cop-
per state and the reduction performance of copper oxide,
w
a on
C hs.
T rO
t he
c ould
b in
m rma-
t ate-
t
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