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A series of zirconia-supported copper oxide catalysts synthesized by decomposition of the oxalate precursors
formed by oxalate gel-coprecipitation in alcoholic solution were extensively investigated in relation to their
performance in methanol steam reforming. The combination of different techniques (N2 adsorption, X-ray
diffraction (XRD), N2O titration, H2-TPR, diffuse reflectance Fourier transform infrared, Raman, and X-ray
photoelectron spectroscopy) in the characterization of Cu/ZrO2 catalysts shows that the surface and structural
characteristics of the zirconia phase as well as the dispersion and nature of the copper species depend strongly
on the calcination temperature. Temperature-programmed reduction patterns reveal the presence of three types
of copper species on the ZrO2 support. XRD results indicate that, depending on the calcination temperature,
a substantial incorporation of Cu species into the zirconia lattice leading to a strong Cu-ZrO2 metal-support
interaction may occur. The N2O titration reveals that the 550°C calcined material exhibits the highest metallic
copper surface area as compared to other samples, as opposed to in situ XRD analysis showing that the lower
the calcination temperature the higher the copper dispersion. Spectroscopic measurements reveal that the
phase transformation of zirconia from tetragonal to monoclinic takes place initially at the surface regions of
the Cu-ZrO2 sample, as evidenced from the fact that the monoclinic phase can be detected first by Raman
spectroscopies for the samples calcined at a lower temperature than by XRD. The highest activity was achieved
for the 550°C calcined material, illustrating that the creation of monoclinic phase enriched on the surface of
tetragonal zirconia in Cu/ZrO2 are beneficial for the generation of copper catalyst with enhanced activities.

1. Introduction

Copper-containing catalysts have been extensively employed
in the past decades for the selective catalytic reduction of NOx,
water gas shift reaction, synthesis and steam-reforming of
methanol.1-11 It is also established that copper catalysts are very
selective for a number of hydrogenation and dehydrogenation
reactions, such as conversion of furfural to furfuryl alcohol,
methyl ester to methyl alcohol, or the transformation of alcohols
into their corresponding aldehydes or ketones.12-16 For most
of these reactions, the nature of the supported oxide and the
dispersion of active component are thought to be most relevant
to understanding the catalytic properties of the systems.5

Zirconia has recently emerged as a particularly interesting
support material.5,17-20 ZrO2 presents special characteristics such
as high fracture toughness, ionic conductivity, and stability even
under reducing conditions. Moreover, the possession of both
amphoteric and redox functions makes it appealing as a more
suitable carrier for a number of catalytic applications.20 As a
result, the use of zirconia other than silica or alumina as a
promoter or more frequently a support material has attracted
considerable interest in recent years.21 In CO or CO2 hydrogena-
tion for instance, zirconia addition to Cu/SiO2 or Cu/ZnO
catalysts leads to improved long-term stability as well as both
enhanced activity/selectivity toward alcohol.22-31 It is also
revealed that Cu/ZrO2 catalysts exhibited superior activity when

compared to the conventional Cu/ZnO catalysts for the steam
reforming of methanol.32-35

Due to its fundamental and ever increasing importance,
intensive recent studies have been carried out to understand the
synergetic interaction between copper and zirconia. In particular,
it has been found that the activity of the Cu/ZrO2 catalysts is
critically dependent on the phase structure of ZrO2.36-40 Within
this context, Jung and Bell have reported that Cu/ZrO2 catalysts
prepared with monoclinic ZrO2 (m-ZrO2) are nearly an order
of magnitude more active for methanol synthesis and exhibit
higher methanol selectivities than catalysts with the same Cu
surface density deposited on tetragonal ZrO2 (t-ZrO2) with the
same surface area as m-ZrO2.36 The origin of these differences
has been explained by the presence of higher concentration of
anionic defects on m-ZrO2 than t-ZrO2.37,38 The effects of the
zirconia phase have also been noted in studies of the steam
reforming of methanol, where maintaining the amorphous nature
of zirconia under calcination and reaction conditions as well as
a high-copper/zirconia interfacial area has been considered the
key aspect for obtaining highly active and selective copper
catalysts with improved stability.41 Given the role of Cu as the
active component for methanol synthesis or related processes,
the surface area of Cu is also expected to play a vital role in
these catalytic systems.42,43 This is supported by, in general
terms, a linear correlation between metallic Cu surface area and
the activity of the catalyst.38,39

Among the three main kinds of crystalline ZrO2, that is,
tetragonal (t-ZrO2), monoclinic (m-ZrO2), and cubic (c-ZrO2),
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the catalytic study of c-ZrO2 is rarely addressed, partly due to
its lack of stability at ambient conditions.44 In both cubic and
tetragonal phases, the coordination of Zr is 8-fold with oxygen
anions forming two jointed tetrahedra, and the oxygen atom is
shared by four adjacent Zr atoms. However, distortions of the
tetrahedra in these two phases lead to crystallographic differ-
ences and result in the different arrangement of the Zr-O and
Zr-OH bonds on the surface of their particles. The distortion
of the [ZrO8] unit is greater in t-ZrO2 than in c-ZrO2 in which
four Zr-O bonds in the elongated tetrahedron are longer than
the four Zr-O bonds associated with the flattened tetrahedron.
In m-ZrO2, the coordination of Zr is 7-fold with oxygen anions
forming two types of nonequivalent oxygen sites.45 The
structural distortion of the [ZrO7] unit in m-ZrO2 is the greatest
among the three allotropic phases, having seven different Zr-O
bond lengths.45 The different spacing and symmetry of these
Zr-O and-OH bonds on the surface of the particles of t-ZrO2

and m-ZrO2 are considered to play key roles in determining
the dispersion of the active metal component and hence the
catalytic properties of the Cu/ZrO2 material.38,40 However, a
fundamental understanding of the structural distribution in
relation to catalytic evolution of a Cu-ZrO2 system, in particular
the material obtained by liquid coprecipitation pathway, is to
the best of our knowledge still lacking.

In the present investigation, we report the characterization
of Cu/ZrO2 catalysts prepared by decomposition of oxalate
precursors formed by oxalate gel-coprecipitation (OGC) of metal
nitrates in alcoholic solution.46 Very recently, we have shown
that the OGC technique can allow the fabrication of a new type
of nanostructured Cu/ZrO2 materials featured with a high
component dispersion thus being highly effective for methanol
steam reforming.47 Given the calcination process frequently
employed as the key step in preparation of a copper catalyst,
the present work aims to identify the surface and structural
evolution occurring in these nanostructured catalyst systems as
a function of precursor calcination. To gain an insight into the
respective nature of Cu and ZrO2 phases as well as the structural
properties of the Cu/ZrO2 catalyst in relation to their perfor-
mance in methanol steam reforming, extensive characterization
by N2 adsorption, X-ray diffraction (XRD), temperature-
programmed reduction (TPR), N2O titration, X-ray photoelectron
spectroscopy (XPS), diffuse reflectance Fourier transform
infrared (DRIFTS) and Raman spectroscopies has been carried
out.

2. Experimental Section

2.1. Catalyst Preparation.Cu/ZrO2 catalysts with Cu/Zr ratio
of 1/2 were prepared by oxalate gel-coprecipitation method. An
alcoholic solution of 20% excess of oxalic acid was injected
rapidly into a mixed alcoholic solution (each 0.1 M) of copper
nitrate and zirconium nitrate at room temperature under vigorous
stirring. The resultant gel-like precipitates were separated by
centrifuge followed by drying at 110°C overnight. Finally,
calcination of the as-obtained materials was performed in a
muffle oven at elevated temperatures ranging from 350 to 750
°C for 4 h. The as-prepared CuO-ZrO2 mixed oxide samples
were designated as CZ-T, where T denotes the calcination
temperature.

2.2. Catalyst Characterization. The Brunauer-Emmet-
Teller (BET) specific surface areas of the calcined catalysts were
determined by adsorption-desorption of nitrogen at liquid
nitrogen temperature, using a Micromeritics TriStar 3000
equipment. Sample degassing was carried out at 300°C prior
to acquiring the adsorption isotherm.

The X-ray powder diffraction (XRD) of the samples was
carried out on a Germany Bruker D8Advance X-ray diffrac-
tometer using nickel-filtered Cu KR radiation with a scanning
angle (2θ) of 20-80°, a scanning speed of 2° min-1, and a
voltage and current of 40 kV and 40 mA, respectively. In situ
XRD experiments performed are as follows: reduction of the
calcined Cu/ZrO2 oxide precursors in 5 vol % H2 in argon in a
temperature range from room temperature to 250°C at a heating
ramp of 1 °C min-1 was carried out in a XRK-900 high-
temperature cell. In situ XRD patterns were recorded at 250°C
under simulated methanol steam-reforming conditions (c(MeOH)
∼ 5 vol %,c(H2O) ∼6.5 vol % in 100 mL min-1 Ar) (20∼80°
2θ, step width 0.02° 2θ, counting time: 1s/dp (dp) data point)).
The percentage of monoclinic phase (M%) in the oxide
“support” was measured according to the equation:48 M% )
IM(1h11)/(1.6I M(1h11) + IT(111)), where IM(1h11) and IT(111) are the
diffraction intensities of the monoclinic (1h11) (2θ ) 30.4°) and
tetragonal (111) (2θ ) 28.5°) planes, respectively. The crystallite
size corresponding to the broadening of eachhkl line was
determined from Sherrer equation:d ) kλ/â cosθ, wherek )
0.89, andλ ) 1.5406 Å.

The DRIFT spectra were recorded using Bruker Vector 22
FT-IR spectrometer equipped with Spectra-Tech Diffuse Re-
flectance Accessory and a high-temperature in situ cell with
ZnSe windows. A KBr beam splitter has been used with a DTGS
detector. The catalyst was prereduced in situ at 300°C for 4 h
under atmospheric pressure by a stream of H2. After switching
to He, the sample was cooled down to 373 K, and CO was
introduced for 15 min. Thereafter, the system was cooled to
room temperature, swept with argon (99.99%), and the IR
spectra was collected.

The specific surface area of metallic copper was measured
by the adsorption and decomposition of N2O on the surface of
metallic copper as follows: 2Cu(s) + N2O f N2 + Cu2O(s).
The pulse titration technique was employed. Pure nitrogen was
used as the carrier gas and a thermal conduct detector was used
to detect the amount of the consumption of N2O.49 The specific
area of metallic copper was calculated from the total amount
of N2O consumption with 1.46× 1019 copper atoms per m2.50

TPR profiles were obtained on a homemade apparatus as
described elsewhere.46 Approximate 20 mg of a freshly calcined
catalyst was placed on top of glass wool in a quartz reactor.
TPR experiments were carried out in 5% H2/Ar flowing at 40
mL min-1 with a ramping rate of 10°C min-1 to a final
temperature of 500°C. The H2 consumption was monitored
using a thermal conductivity detector (TCD).

The laser Raman spectra were obtained at room temperature
using a confocal microprobe Jobin Yvon Lab Ram Infinity
Raman system with a spectral resolution of 2 cm-1. The internal
514.5 nm line from Ar+ excitation with a power of 10 mW
was used as the source. The Raman signal was collected with
a 90°-geometry.

XPS spectra were recorded with a Perkin-Elmer PHI 5000C
system equipped with a hemispherical electron energy analyzer.
The Mg KR (hν ) 1253.6 eV) was operated at 15 kV and 20
mA. The Cu 2p and Zr 3d core-level spectra were recorded
and the corresponding binding energies (BE) were calibrated
with respect to the C 1s line at 284.6 eV (accuracy within(
0.2 eV). The background pressure during the data acquisition
was kept below 2× 10-9 Torr.

2.3. Catalytic Activity Tests. The catalytic test was con-
ducted using a fixed-bed microreactor from 160 to 300°C under
atmospheric pressure. A 0.5 g catalyst diluted with 0.5 g quartz
sand (both in 40-60 mesh) was packed in a stainless steel
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tubular reactor (6 mm i.d.). After reduction in a H2/Ar (5/95)
flowing of 60 mL min-1 at 250°C for 6 h, premixed water and
methanol with a H2O/MeOH molar ratio of 1.3 at a flow rate
of 44.0 mL-NTP min-1 were fed into the preheater maintained
at about 250°C by means of a microfeeder. The vaporized feed
entered the reactor with a stream of Ar gas, which had a flow
rate of 20 mL min-1 and then began the SRM reaction at the
designated reaction temperature. The reaction products were first
passed through a cold trap, then the gaseous products such as
H2, CO, CO2, CH4 were detected on-line by the gas chromato-
graph (Type GC-122, Shanghai Analysis) equipped with TCD
and TDX-01 column; the liquid products, such as water and
methanol, were analyzed by the same gas chromatograph
equipped with another TCD detector and Porapak-Q column.
Unless otherwise mentioned, the catalytic activity was evaluated
from the data collected after 6 h of theon-stream operation by
methanol conversion (XMeOH), CO2 selectivity (SCO2), and CO
selectivity (SCO) in the outlet.

3. Results and Discussion

3.1. Textural and Structural Evolution. Figure 1A compares
the XRD patterns of calcined catalysts obtained by decomposi-
tion of oxalate precursors formed by oxalate gel-coprecipitation
of metal nitrates in alcoholic solution. Upon calcination at
elevated temperatures from 350 to 750°C, a progressive
enhancement of the crystallite size of the CuO phase is
identified, as reflected from a continuous sharpening and
intensification of the diffraction peaks for the calcined samples
as shown in Figure 1. It is interesting to note that a significantly
different variation behavior of the structural evolution as a
function of the precursor calcination has been observed in the
zirconia phase. As shown in Figure 1A, only weak and broad
diffraction peaks of CuO can be observed for the catalyst
calcined at 350°C, pointing to an amorphous or semicrystalline
nature of the zirconia in CZ-350 sample. When the temperature
was increased to 450°C, the diffraction peaks of metastable
tetragonal ZrO2 phase (t-ZrO2) appeared, the intensity of which
increased drastically as the temperature reached 550°C. Notice
that the t-ZrO2 peak at 2θ ) 30.6° shifted to higher angle upon
calcination at 550°C, indicating a substantial incorporation of
Cu2+ ions into the zirconia lattice (i.e., they occupy the position
of the Zr).51 After a progressive calcination at 650°C, partial
transformation from tetragonal to monoclinic phase occurred
(m-ZrO2, ca. 32%), where the reshift of the t-ZrO2 peak to a

lower angle could be due to a phase segregation of CuO
accompanied with the zirconia phase transformation.51 Further
calcination at 750°C results in the nearly total replacement of
tetragonal by monoclinic phase for the ZrO2 phase.

To investigate the active phase of the Cu/ZrO2 catalysts, the
XRD patterns of the five catalysts after reduction followed by
subsequent reaction at 250°C were collected and are shown in
Figure 1B. For all the catalysts, besides the diffraction features
corresponding to zirconia phase only diffraction peaks charac-
teristic of metallic copper can be observed, indicating that the
bulk CuO in the catalysts was reduced to Cu0 and the main
active phase of the Cu/ZrO2 catalyst is metallic copper.47

Assuming that Cu particles were spherical, the average copper
metal crystallite sizes were calculated from the full width at
half-maximum (FWHM) of Cu (111) diffraction lines. The
calculation results as shown in Table 1 reveal a much smaller
copper particle size for CZ-350 (12.1 nm), CZ-450 (13.2 nm),
and CZ-550 (14.7 nm) samples as compared to CZ-650 (21.3
nm) and CZ-750 (24.0 nm). The variation of ZrO2 phase is
similar to that in the oxide precursors; the only difference is
that the proportion of m-ZrO2 phase in the high-temperature
calcined samples increased under reaction conditions, from ca.
32 to 48% for CZ-650 and from ca. 96 to 100% for CZ-750.

The physicochemical properties of the various CZ catalysts
obtained by calcination at different temperatures are also
presented in Table 1. With increasing calcination temperature
from 350 to 750°C, the BET surface areas of the Cu/ZrO2

catalysts decreased monotonically from 63 to 8 m2 g-1. The
effect of the calcination temperature on specific surface area
for the present as-synthesized sample is dramatic as reported
for conventional aqueous coprecipitation-derived Cu/ZrO2 ma-
terials in the literature.52 By using a quasi-sphere model, the
copper metal surface area was estimated by the crystallite size
determined by the in situ XRD results.52 Notice that the “XRD
surface areas” (SCu

XRD) exhibited a similar variation trend with
respect to the BET surface area, from 18.9 to 9.5 m2 gcat

-1,
showing that the higher the calcination temperature is, the lower
the copper dispersion is. At this situation, it is interesting to
note that the data of the metallic Cu surface area as measured
by N2O titration demonstrate clearly that the 550°C calcined
catalyst exhibits the highest copper dispersion as compared to
other samples, inferring a unique Cu-ZrO2 metal-support
interaction in this material. Moreover, it is noticed that for all
the samples the SCu

XRD values are always much higher than the
SCu

N2O values. These discrepancies may be caused by ag-
glomeration of Cu particles or a strong Cu-ZrO2 metal support
interaction that reduces the accessible Cu surface area.

Raman spectroscopy is an effective technique to study the
surface characteristics of the catalysts. Figure 2 shows the visible
Raman spectra of Cu/ZrO2 samples calcined at different
temperatures. The samples CZ-350 and CZ-450 exhibit es-
sentially the same Raman features in which relatively weak and
broad bands located at 144, 270, 322, 435, 598, and 630 cm-1

can be identified. According to the literature,54 the bands at 144,
435, 598, and 630 cm-1 can be assigned to tetragonal ZrO2,
while the bands at 270 and 322 cm-1 are characteristic of CuO.
The absence of sharp bands in the spectra obtained by
calcination at lower temperatures indicates the semicrystalline
nature of the low-temperature calcined samples, which is in good
accordance with the XRD results. With increasing calcination
temperature to 550°C, new bands at 174, 210, 324, 366, 465,
522, and 548 cm-1, all characteristic of well-defined monoclinic
ZrO2, are observed. Coupled with the XRD data and previous
observations for pure zirconia phase transformation,54 this

Figure 1. X-ray powder diffraction patterns of the CZ catalysts after
calcination (A) and after exposure to reaction conditions (B). (0)
m-ZrO2, (O) t′-ZrO2, (9) CuO, (b) Cu.
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indicates that the phase transformation of zirconia from tet-
ragonal to monoclinic occurs already on the surface region of
the 500°C calcined Cu/ZrO2 material. Further calcination at
650 and 750°C results in appreciable attenuation of these bands.
Note that the band at 270 cm-1 due to CuO in the samples CZ-
350 and CZ-450 shifted to 280 cm-1 in CZ-650 and became
sharper, indicating the increase of the CuO particle size.55

3.2. Chemical State and Redox Properties.The catalyst
surface composition and oxidation state were investigated by
XPS. Figures 3and 4 show Zr 3d and Cu 2p XPS of various
CuO/ZrO2 calcined catalysts, respectively. The Zr 3d5/2 and Zr
3d3/2 binding energy values are in the range of 179.8 and 184.5
eV, respectively. The binding energies of Zr 3d5/2 and its FWHM
values are reported in Table 2. The FWHM values for samples
CZ-350 and CZ-450 are found to be around 2.43, implying that
only one type of doublet is present. This, together with the
binding energy value of ca. 182.0 eV measured for Zr 3d5/2, is
indicative the presence of a single type of zirconium oxide with
an oxidation state of+4.56 After calcination at temperatures
above 550°C, the spectra exhibit a wide peak width consisting
of two doublets with Zr 3d5/2 binding energies at about 180.0
and 182.0 eV. As shown in the fitting to these curves, the lower
BE values of the additional Zr species are attributable to the
formation of surface zirconium sites having relatively higher
electron density. Similar effect has been previously observed
in the case of Fe(NO3)2 impregnated ZrO256 and Cu/ZnO/ZrO2
catalysts.57 It was reported that oxygen coordinatively unsat-
urated Zr sites such as Zr3+ centers on ZrO2 surface were

detected upon calcination in air at temperatures higher than 500
°C, accompanied with the formation of oxygen vacancies in
the ZrO2 lattice.56,57Also in this case, in line with the formation
of monoclinic-enriched zirconia on the surface region of the
calcined materials, the low BE Zr species evidenced in the above
550 °C calcined Cu/ZrO2 samples may be associated with the
oxygen vacancies on the surface or subsurface of ZrO2 lattice.

From Figure 4, it can be seen that all the catalysts exhibit
Cu 2p3/2 main peaks at about 933.6 eV accompanied by intense
shakeup satellite peaks at about 942 eV, respectively, which
suggests the main copper oxidation state as+2.57 As the

TABLE 1: Physicochemical Properties of Cu/ZrO2 Catalysts Calcined at Different Temperatures

sample
SBET

(m2/g)
Vpore

(cm3/g)
SCu

N2Oa

(m2/gcat)
SCu

XRDb

(m2/gcat)
dCuO

c

(nm)
dZrO2

c,e

(nm)
ZrO2 phasec,f

(%)
dCu

d

(nm)
dZrO2

d,e

(nm)
ZrO2 phased,f

(%)

CZ-350 63 0.25 4.0 18.9 8.8 g 12.1 -
CZ-450 58 0.23 5.9 17.3 9.5 13.2 -
CZ-550 43 0.19 8.7 15.6 10.6 T10.4 T100 14.7 T8.3 T100
CZ-650 21 0.13 4.8 10.7 16.5 M9.8/T14.0 M32/T68 21.3 M15.2/T13.2 M48/T52
CZ-750 8 0.07 2.4 6.5 19.9 M22.0/T16.9 M96/T4 24.0 M23 M100

a Cu metal surface area determined by N2O decomposition method.bCu metal surface area estimated by the in situ XRD crystallite size.cDetermined
for the working catalyst by the XRD data of oxide precursors.dDetermined for the working catalyst by the in situ XRD data.eAverage crystal size
obtained with the Scherrer equation by using the (1h11) diffraction (2θ ) 28.5°) for monoclinic and the (111) diffraction (2θ ) 30.4°) for tetragonal
crystals; M and T represent the monoclinic and tetragonal phase, respectively.fPercentage of monoclinic phase) IM(1h11)/(1.6I M(1h11) + IT(111)). gNot
determined.

Figure 2. Raman spectra of various CuO/ZrO2 catalysts.

Figure 3. Zr 3d XPS spectra of various CuO/ZrO2 catalysts.

Figure 4. Cu 2p XPS spectra of various CuO/ZrO2 catalysts.
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calcination temperature increased above 550°C, a shift toward
lower binding energy and broadening of the Cu 2p3/2 peak can
be observed. This phenomenon indicates the existence of at least
two kinds of surface copper species that differ in their chemical
environments. Deconvolution of the original Cu 2p3/2 peaks was
thus carried out and the peak positions as well as their
contributions extracted from the deconvolution are listed in
Table 2. The species with binding energies between 934.0 and
934.2 eV as measured for CZ-550, CZ-650, and CZ-750 are
attributable to bulk CuO.5,9 The binding energies of the other
species are about 2 eV lower, which may be corresponding to
the copper oxide located near the oxygen vacancies on the
surface of zirconia support as proposed above.

The XPS intensity ratio of Cu 2p/Zr 3d values for various
CuO/ZrO2 catalysts is also included in Table 2, which reflects
the copper dispersion on zirconia support. The surface atomic
ratio of Cu/Zr increases with the increase of calcination
temperature with a maxima at 550°C and then decreases with
further increase of calcination temperature. Except in the case
of the CZ-550 sample, the Cu/Zr ratio is falling in the range of
0.336-0.47 for most of the materials. These values are smaller
than the ratio (∼0.5) as used for the bulk phase, inferring that
a preferential accumulation of the Zr-components occurs during
the course of the catalyst preparation. A significant higher value
of 0.56 is observed for the CZ-550 sample, thus pointing to a
pronounced Cu enrichment on the surface. The activity of the
catalysts in the steam reforming of methanol was also found to
increase up to calcination at 550°C and decreases with further
increase of calcination temperature. As shown in Section 3.1, a
much higher dispersion of copper oxide on ZrO2 is also noticed
for sample CZ-550 by the N2O titration method. Thus, the
present XPS results are in good agreement with the dispersion
of copper determined by N2O titration method.

In situ FTIR CO adsorption analysis is another powerful
technique for the study of the chemical states of copper species,58

especially for the identification of oxidation state of copper
species deposited on the surface of metal oxides. Figure 5 shows
the in situ DRIFT spectra of CO adsorption of various Cu/ZrO2

catalysts after reduction pretreatment as described in Section
3.1. Adsorption of CO on sample CZ-350 results in the evolution
of one band at 2108 cm-1, which is red-shifted to 2105 and
2102 cm-1 for CZ-450 and CZ-550, and back to a higher
frequencies of 2107 and 2110 cm-1 for CZ-650 and CZ-750
samples, respectively. This band is assigned to Cu0-CO spe-
cies,58 the shift of which may be caused by the structural and
electronic changes of copper, as proposed by De Jong et al..59

Worth mentioning is that the CZ-550 catalyst showed the
maximum CO absorbance at ca. 2100 cm-1, in excellent
agreement with the N2O titration and XPS data that sample
calcined at 550°C has the highest surface copper dispersion.
In addition, a new weak band at 2013 cm-1 is registered for
sample CZ-550 and continuously shifted to lower frequencies
for higher temperature calcined samples. According to the
literature,60 this band is associated with the carbonyls linearly

adsorbed on the Cu0 atoms with significantly lower coordination
number. The shift toward lower frequencies can be explained
by the presence of larger copper particles in the catalysts
calcined at higher temperatures, which could donate more
electron density to the carbon-copper bond.

To investigate the reducibility of the copper species in various
CuO/ZrO2 calcined catalysts, TPR measurements were carried
out and reported in Figure 6. All the samples exhibit a broad
reduction profile together with shoulders in the temperature

TABLE 2: XPS Results of Cu/ZrO2 Catalysts Calcined at Different Temperatures

sample
BE and FWHM
of Cu2p3/2 (eV)

fraction of Cu
species (%)

BE and FWHM
of Zr3d5/2 (eV)

fraction of Zr
species (%)

Cu/Zr
molar ratio

CuZr-350 933.9 (3.7) 100 182.0 (2.4) 100 0.33
CuZr-450 934.1 (3.8) 100 182.0 (2.5) 100 0.37
CuZr-550 934.0 (3.8) 87.3 182.1 (2.5) 94.6 0.56

931.8 (3.7) 12.7 180.1 (2.3) 5.4
CuZr-650 934.2 (3.8) 47.7 182.0 (2.6) 73.4 0.47

932.0 (3.7) 52.3 180.0 (2.4) 26.6
CuZr-750 934.1 (3.8) 37.1 181.8 (2.6) 60.7 0.42

932.1 (3.7) 62.9 179.8 (2.2) 39.3

Figure 5. In situ DRIFT spectra of CO adsorption on Cu/ZrO2 catalysts
as a function of calcination temperature.

Figure 6. TPR profiles of various CuO/ZrO2 catalysts.
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range 200-300 °C. Previously, it is shown that the reduction
of bulk CuO is featured by a single reduction peak at a
considerably higher temperature of 320°C.47 It is thus concluded
that there is a pronounced Cu/Zr interaction which facilitates
the reduction of the supported copper species. As the calcination
temperature increases, the main reduction peak becomes nar-
rower and shifts to lower temperature. In order to gain a further
insight into the TPR results, the profiles are deconvoluted using
a computer program.47 The peak positions and their contributions
derived from deconvolution are summarized in Table 3. The
original TPR profiles can be deconvoluted into at least three
peaks in all cases. This suggests the presence of at least three
different types of CuO phase in the Cu/ZrO2 samples, where
highly dispersed CuO phase (R-peak), crystallized copper oxide
strongly (â-peak) or weakly (γ-peak) interacted with the ZrO2
surface coexist.61 Such multiple TPR peaks have also been
noticed by Takezawa et al.62 and Liu et al.63 They have attributed
the low-temperature reduction peak to highly dispersed cop-
per(II) ions in an octahedral environment.62,63 As can be seen
from Table 2, the fraction of lower temperature reduction peaks,
that is, theR- andâ-peaks, is found to be the highest and shifts
to lower temperatures for sample CZ-550 as compared to other
samples, indicating the presence of a stronger Cu-Zr interaction
in the sample prepared by calcination at 550°C.

3.3. Catalytic Steam Reforming of Methanol.The catalytic
activity, selectivity, and stability of the present nanostructured
Cu/ZrO2 catalysts are tested for the steam reforming of
methanol, which represents a promising alternative for use in
catalytic generation of high purity H2 to produce clean electrical
energy from fuel cells for vehicles applications.5,9,11 Figure 7
shows a typical set of results for methanol steam reforming over
the CZ-550 catalyst, illustrating the effect of temperature on
the methanol conversion and the molar compositions with
respect to carbon dioxide, hydrogen, and carbon monoxide. As
shown, the methanol conversion exhibits a typical S-shaped
temperature dependence.5 H2 and CO2 are produced ap-
proximately in a 3:1 ratio, and substantial CO formation is
initiated at around 280°C, when conversion of methanol
approaches completeness. Additional experiments, as reported
in a previous paper from our laboratory,47 indicated that CO
was not formed at short contact times and that its concentration
only became significant when the methanol was almost com-
pletely consumed at longer contact times. Also, as demonstrated
previously47 when compared to the catalysts prepared by
conventional methods, the oxalate gel-coprecipitation derived
Cu/ZrO2 catalyst shows enhanced activity and long-term stability
in methanol steam reforming.

The catalytic activity and selectivity of the various Cu/ZrO2

catalysts measured at 260°C in the steam reforming of methanol
are illustrated in Figure 8. In all cases, H2 and CO2 were detected
as the major component in the effluent gas, together with a
minor amount of CO. No other products, such as dimethyl ether,
methyl formate, and methane, could be detected over any of
the catalysts tested. It can be seen that the activity of the Cu/
ZrO2 catalyst was enhanced monotonously by increasing the

calcination temperature and reached a maximum at 550°C.
Further increase of the calcination temperature led to a rapid
decrease of the activity. The selectivity to CO increased with
the calcination temperature until 550°C and then rapidly
decreased for higher temperature calcined samples. Moreover,
an opposite trend for the selectivity toward the formation of H2

as a function of calcination temperature is identified. This
indicates that it is difficult to suppress CO evolution at high-
methanol conversion region due to the presence of reverse water
gas shift reaction

as a consecutive reaction of methanol steam reforming (SRM)5,8

at a higher conversion levels.

TABLE 3: TPR-Fitting Results of Cu/ZrO 2 Catalysts
Calcined at Different Temperatures

TM (°C) proportion of total area (%)

sample R â γ R â γ

CZ-350 180 217 236 24.5 35.2 40.2
CZ-450 182 223 241 33.2 30.8 35.9
CZ-550 176 198 212 22.2 63.4 14.4
CZ-650 182 220 236 11.9 32.5 55.6
CZ-750 194 242 262 6.1 30.2 63.6

Figure 7. Product gas composition and methanol conversion vs reaction
temperature during steam reforming of methanol over catalyst CZ-550.
(Reaction conditions: H2O/CH3OH ) 1.3 molar ratio, WHSV) 5.4
h-1, p ) 0.1 MPa).

Figure 8. Catalytic performance of various Cu/ZrO2 catalysts. (Reac-
tion conditions: H2O/CH3OH ) 1.3 molar ratio, WHSV) 5.4 h-1, p
) 0.1 MPa, 260°C).

CO2 + H2 f CO + H2O (1)

CH3OH + H2O f CO2 + 3H2 (2)
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4. Discussions

Results obtained in this study clearly demonstrate that the
structural evolution of zirconia in the Cu/ZrO2 system, which
varies with respect to the calcination temperatures, plays a key
role in determining the physicochemical and catalytic properties
of the final materials. Zirconia has attracted considerable recent
attention as both a catalyst and a catalyst support because of its
high thermal stability and the amphoteric character of its surface
hydroxyl groups.38-40 When zirconia is used as a support,
various reactions such as Fischer-Tropsch synthesis, hydro-
desulfurization, and methanol synthesis have been reported to
proceed with higher rates and selectivity than with other
supports.22-27 In the specific field of methanol chemistry, it is
expected that new improved Cu/ZrO2 catalyst system with
enhanced methanol synthesis rates may be rationally optimized
by tailoring the structural distribution of ZrO2 among amor-
phous, tetragonal, and monoclinic phases.38-40 In the present
work, we have unambiguously demonstrated that in addition to
the phase constitution, the specific microstructural arrangement
of the respective zirconia phases appears to be the key factor
that controls the catalytic performance of the Cu/ZrO2 system.
Noteworthy is that the 500°C calcined Cu/ZrO2 catalyst featured
with the tetragonal ZrO2 as the major crystalline phase and
monoclinic ZrO2 as the main surface layer of the support exhibits
enhanced catalytic performance in terms of methanol conversion
or H2 production rate as compared to other samples. These
findings form new basis for the structure-activity relationships
of the copper catalysts in methanol chemistry, which are
prerequisites for a knowledge-based design of improved catalytic
materials.

The structural evolution followed by XRD and visible Raman
spectroscopy has revealed that the phase transformation of ZrO2

in the present copper-zirconia system follows the sequence of
amorphousf tetragonalf monoclinic over 350-750°C. The
XRD results show that the phase transformation from tetragonal
to monoclinic phase began at 650°C and completed at 750°C.
Meanwhile, the Raman data demonstrate that the phase change
of tetragonal starts already at 550°C, which indicates that the
phase transformation of zirconia from tetragonal to monoclinic
takes place initially at the surface regions of the Cu-ZrO2

sample. Such significant surface structural rearrangement is also
corroborated by XPS analysis, as inferred by the appreciable
formation of surface anionic defects associated with the creation
of Zr3+ species on the surface of the 550°C calcined material.
Recently, by taking the unique advantage of the surface-sensitive
nature of the UV Raman technique, Li and his co-workers have
shown that upon calcination the phase change from tetragonal
to monoclinic ZrO2 begins at the surface region and then extends
into the bulk until the whole particle changes into the monoclinic
phase.64 Later, the same authors also revealed that the tetragonal
to monoclinic phase transformation initiates at 400°C, and the
phase totally becomes monoclinic at about 700°C.64 A closer
comparison of the XRD and visible Raman data reported herein
with the XRD and UV Raman data by Li et al.64 indicates that
the tetragonal to monoclinic phase transformation requires a
higher temperature for present Cu/ZrO2 system than for pure
ZrO2, inferring a pronounced copper-induced stabilization of
the metastable tetragonal structure in the surface region.

With regard to the essential nature of zirconia phase as the
support of copper catalysts for methanol synthesis or SRM
reaction, the crystalline structure of ZrO2 has recently been
established as one of the main factors for rationalization of the
structure-activity relationships of Cu-based catalysts.38-42 Very
recently, on investigating the effect of ZrO2 phase on the

catalytic performance of a series of impregnation-derived Cu/
ZrO2 catalysts, Bell et al. disclosed that the Cu catalysts
deposited on m-ZrO2 are nearly an order of magnitude more
active for methanol synthesis than their analogues prepared with
t-ZrO2.38,39 The reason of this effect has been rationalized as
the higher CO adsorption capacity of m-ZrO2 as a consequence
of its higher concentration of surface anionic vacancies. It is
also believed that the phase transformation from tetragonal to
monoclinic phase can entail a geometric effect that can influence
the dispersion, leading to change in the morphology of the
supported copper metal particles as well as enhanced metal-
support interaction and reinforced synergy between Cu and
ZrO2.38,39At this situation, it is important to note that the XPS
results show that the phase change from tetragonal to monoclinic
phase, even merely in the surface regions of ZrO2, can allow
the generation of higher amount of surface anionic vacancies
in the present Cu/ZrO2 system. Taking into account all these
structural features rendered by the different ZrO2 polymorphs,
it is reasonable that the structural rearrangement, in particular
in the surface regions of zirconia, is found to play a significant
role in controlling the size, and dispersion of the active copper
phase, as well as the metal-support interaction in the present
Cu/ZrO2 system (see Figure 9).

Investigation by means of TPR, N2O titration, and XPS
combined with CO-adsorption has confirmed that the 550°C
calcined material featured with the monoclinic ZrO2 as the
dominant surface layer of the support exhibits enhanced copper
surface area, stronger metal-support interaction and hence
improved SRM activities as compared to other samples.
Nevertheless, XRD and N2 adsorption measurements have
confirmed that with the calcination temperature increasing from
350 to 750°C a continuous increase in the copper particles size
and loss of the BET specific surface area occurs. This indicates
that N2O titration is a better method for measuring the dispersion
of Cu on zirconia. Most likely, the evolution of surface copper
dispersion is affected by two competitive factors. On one hand,
the crystallization of the amorphous ZrO2 upon higher calcina-
tion temperature leads to the segregation of CuO particles from
the ZrO2 matrix and increase of higher accessible copper surface
area, as evidenced by the decreasing deviations ofSCu

XRD from
SCu

N2O values (see Table 1). On the other hand, the growth of
copper particle size leads to the decrease of copper metal surface
area. When the catalyst was calcined below 550°C, the growth

Figure 9. Schematic illustration of the structural evolution of the
nanostructured Cu/ZrO2 catalyst as a function of precursor calcination.
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of copper particle size is limited because of the stabilizing effect
of ZrO2, while the exposure of copper surface induced by the
crystallization of ZrO2 is more significant. Above 550°C, the
growth of CuO particle size plays a predominant role in the
structural change of Cu/ZrO2 catalyst, which also weakens the
interaction between copper and zirconia and consequently
deteriorates the catalytic activity.

At this juncture, it is interesting to note that metallic copper
surface area has widely been assumed to be the main parameter
for the structure-activity correlation of Cu-based catalysts,
given the well-established role of Cu as the main active
component for methanol synthesis or related processes.44,45

However, there are also conflicting reports that suggest that the
methanol conversion or hydrogen production rate does not show
correlation with the surface area of metallic copper for the Cu-
based catalysts.10,,65For instance, instead of the observation of
a positive correlation of the enhanced activity with the increasing
copper surface area, Ressler et al. have recently identified an
excellent linear relationship between the SRM activity and the
lattice microstrain values of the Cu nanoparticles embedded in
the matrix of zinc oxide.10,66,67It is therefore worthwhile to make
a comparison between the catalytic activity of the present Cu/
ZrO2 catalysts and the specific copper surface area as determined
by surface titration with N2O. Figure 10 shows the effect of
the surface area of metallic copper on the hydrogen production
rate (RH2) from methanol steam reforming over the various Cu/
ZrO2 catalysts obtained by gel-coprecipitation of oxalate precur-
sors. Apparently, the increase in H2 production rates does not
show linear correlation with the increasing copper surface area
for the five copper-zirconia catalysts. This demonstrates that
although a high Cu surface area is a prerequisite for catalytic
activity, it does not account for the observed activity changes
alone without taking the powerful synergy between copper and
zirconia into account.

Although the main purpose of this paper was to present a
detailed investigation of the structural evolution of the respective
Cu and ZrO2 phases occurring in the Cu/ZrO2 catalyst systems
upon calcination at elevated temperatures, we would like to
comment here on the practical consequences of the present
results. Aqueous precipitation or sol-gel methods are often
employed to produce various zirconia-based functional materi-
als.68 In most cases, the initial product is an amorphous
zirconium oxyhydroxide or a mixture of a-ZrO2 and t-ZrO2.
Calcination of the initial product at progressively higher

temperatures leads to the conversion of all of the a-ZrO2 to
t-ZrO2, and at higher temperatures to the conversion of t-ZrO2

to m-ZrO2.68 Because treatments also lead to a decrease in
surface area, m-ZrO2 is usually obtained with much lower
surface area than t-ZrO2.57,68 While it is not yet possible to
achieve a complete tetragonal to monoclinic transformation at
lower temperatures, results obtained in this study indicate that
a minor portion of the t-ZrO2 in the surface region can be
effectively transformed to a pure monoclinic phase without
significant loss in surface area. The net result is that high surface
area ZrO2 supports with the properties of pure m-ZrO2 can be
obtained by thermal treatment of t-ZrO2 under moderate
conditions. This highlights new opportunities in the development
of highly active and selective zirconia-based catalysts for a wide
range of catalytic reactions.

5. Conclusions

This study demonstrates that the precursor calcination mark-
edly affects the structure, reducibility, and dispersion of Cu/
ZrO2 catalysts. The XRD results presented in this paper indicate
that the phase transformation of zirconia from tetragonal to
monoclinic requires a calcination temperature of 650°C.
Nevertheless, Raman and XPS spectroscopies reveal that the
formation of monoclinic phase zirconia occurs already at the
near surface regions of the 550°C calcined sample. As opposed
to the in situ XRD bulk analysis, N2O titration is found to be a
more valuable method for measuring the dispersion of Cu on
ZrO2. The results of N2O titration suggest that copper dispersion
depends highly on the surface and structural nature of the ZrO2

support. The information obtained by TPR reveals the presence
of three types of copper species on the ZrO2 support. The
dispersion of Cu as determined by N2O titration corroborates
the findings of XPS and in situ DRIFTS of CO adsorption. The
catalytic activity of the Cu/ZrO2 catalysts for the steam
reforming of methanol also finds direct correlation with the
dispersion with the catalyst featured with surface-enriched
monoclinic phase being the most active for this reaction.
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