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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 techniquesdéNrption, X-ray
diffraction (XRD), N;O titration, H-TPR, diffuse reflectance Fourier transform infrared, Raman, and X-ray
photoelectron spectroscopy) in the characterization of Cu/Za@alysts 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 ZsQupport. XRD results indicate that, depending on the calcination temperature,
a substantial incorporation of Cu species into the zirconia lattice leading to a stretigyOumetak-support
interaction may occur. The D titration reveals that the 55C 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-ZrO, 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/ZrQare beneficial for the generation of copper catalyst with enhanced activities.

1. Introduction compared to the conventional Cu/ZnO catalysts for the steam
reforming of methanotz—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/Zr€atalysts is
critically dependent on the phase structure of Z¥0° Within
this context, Jung and Bell have reported that CuiZr@alysts
prepared with monoclinic Zro(m-ZrO,) 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 Z(tZrO,) with the
same surface area as m-2r® The origin of these differences

Copper-containing catalysts have been extensively employed
in the past decades for the selective catalytic reduction gf NO
water gas shift reaction, synthesis and steam-reforming of
methanol~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 ketoted® 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.
Zirconia has recently emerged as a particularly interestin
support materigt17-20 %roz pregzjsents specigl charactgristics suchg ha; bgen explained by the presence;l;shigher concentration of
as high fracture toughness, ionic conductivity, and stability even anionic defects on m-Zrixhan t-2rQ.>"**The effects of the
under reducing conditions. Moreover, the possession of both Zi'conia phase have also been noted in studies of the steam
amphoteric and redox functions makes it appealing as a morerefo.rmmg of methanoll, where mamtammg the amprphous nature
suitable carrier for a number of catalytic applicatidhas a of zirconia under calcination and reaction conditions as well as

result. the use of zirconia other than silica or alumina as a & high-copper/zirconia interfacial area has been considered the

promoter or more frequently a support material has attracted €Y aspect for obtaining highly active and selective copper
considerable interest in recent ye#tn CO or CQ hydrogena- catalysts with improved stabilit§. Given the role of Cu as the
tion for instance, zirconia addition to Cu/Si@r Cu/ZnO active component for methanol synthesis or related processes,
catalysts leads to improved long-term stability as well as both the surface area of Cu 1S also expected to play a vital role in
enhanced activity/selectivity toward alcoliét3! It is also these catalytic systen3* This is supported by, in general

revealed that Cu/Zrgxatalysts exhibited superior activity when ~t€rms, a linear correlation between metallic Cu surface area and
the activity of the catalyst3°

* To whom correspondence should be addressed. E-mail: yongcao@ AMong the three main kinds of crystalline ZsCGthat is,
fudan.edu.cn. tetragonal (t-Zr@), monoclinic (m-ZrQ), and cubic (c-ZrQ),
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the catalytic study of c-Zr@is rarely addressed, partly due to The X-ray powder diffraction (XRD) of the samples was
its lack of stability at ambient conditiorfé.In both cubic and carried out on a Germany Bruker D8Advance X-ray diffrac-
tetragonal phases, the coordination of Zr is 8-fold with oxygen tometer using nickel-filtered Cu & radiation with a scanning
anions forming two jointed tetrahedra, and the oxygen atom is angle (#) of 20—80°, a scanning speed of Znin~, and a
shared by four adjacent Zr atoms. However, distortions of the voltage and current of 40 kV and 40 mA, respectively. In situ
tetrahedra in these two phases lead to crystallographic differ- XRD experiments performed are as follows: reduction of the
ences and result in the different arrangement of the@and calcined Cu/ZrQ oxide precursors in 5 vol % Hn argon in a
Zr—OH bonds on the surface of their particles. The distortion temperature range from room temperature to Z5@t a heating
of the [ZrQy] unit is greater in t-Zr@ than in c-ZrQ in which ramp of 1°C min~! was carried out in a XRK-900 high-
four Zr—0O bonds in the elongated tetrahedron are longer than temperature cell. In situ XRD patterns were recorded at°Z50
the four Zr—O bonds associated with the flattened tetrahedron. under simulated methanol steam-reforming conditic(fd€¢OH)

In m-ZrQ,, the coordination of Zr is 7-fold with oxygen anions ~ 5 vol %, ¢(H,0) ~6.5 vol % in 100 mL min?! Ar) (20~80°
forming two types of nonequivalent oxygen sit€sThe 26, step width 0.0226, counting time: 1s/dp (dg data point)).
structural distortion of the [Zr@) unit in m-ZrO, is the greatest  The percentage of monoclinic phas#%) in the oxide
among the three allotropic phases, having seven differer®©Zr  “support” was measured according to the equatfoht% =
bond lengthg® The different spacing and symmetry of these Iy@i11y/(1.61 m@iy + Ira11), wherelywdiy and lta1a) are the
Zr—0 and—OH bonds on the surface of the particles of t-ZrO  diffraction intensities of the monoclinic {1) (20 = 30.4) and
and m-ZrQ are considered to play key roles in determining tetragonal (111) (2= 28.5) planes, respectively. The crystallite
the dispersion of the active metal component and hence thesize corresponding to the broadening of edudth line was
catalytic properties of the Cu/ZgOmaterial?84° However, a determined from Sherrer equatiod:= ki/ cos6, wherek =
fundamental understanding of the structural distribution in 0.89, andl = 1.5406 A.

relation to catalytic evolution of a GtZrO, system, in particular The DRIFT spectra were recorded using Bruker Vector 22
the material obtained by liquid coprecipitation pathway, is to  FT-IR spectrometer equipped with Spectra-Tech Diffuse Re-
the best of our knowledge still lacking. flectance Accessory and a high-temperature in situ cell with

In the present investigation, we report the characterization ZnSe windows. A KBr beam splitter has been used with a DTGS
of Cu/ZrG, catalysts prepared by decomposition of oxalate detector. The catalyst was prereduced in situ at ZD@or 4 h
precursors formed by oxalate gel-coprecipitation (OGC) of metal under atmospheric pressure by a stream pfAdter switching
nitrates in alcoholic solutioff Very recently, we have shown to He, the sample was cooled down to 373 K, and CO was
that the OGC technique can allow the fabrication of a new type introduced for 15 min. Thereafter, the system was cooled to
of nanostructured Cu/ZrOmaterials featured with a high  room temperature, swept with argon (99.99%), and the IR
component dispersion thus being highly effective for methanol spectra was collected.

steam reforming’ Given the calcination process frequently  The specific surface area of metallic copper was measured
employed as the key step in preparation of a copper catalyst,py the adsorption and decomposition ofNon the surface of

the present work aims to identify the surface and structural metallic copper as follows: 2Gy + N;O — Nz + Cu;Os).
evolution occurring in these nanostructured catalyst systems asthe pulse titration technique was employed. Pure nitrogen was
a function of precursor calcination. To gain an insight into the ysed as the carrier gas and a thermal conduct detector was used
respective nature of Cu and ZrPhases as well as the structural  to detect the amount of the consumption of N The specific

properties of the Cu/ZrPcatalyst in relation to their perfor-  area of metallic copper was calculated from the total amount
mance in methanol steam reforming, extensive characterizationof N,O consumption with 1.46< 10'° copper atoms per A§°

by N, adsorption, X-ray diffraction (XRD), temperature-
programmed reduction (TPR). titration, X-ray photoelectron  yegcriped elsewhef Approximate 20 mg of a freshly calcined
spectroscopy (XPS), diffuse reflectance Fourier transform catalyst was placed on top of glass wool in a quartz reactor.
infrared (DRIFTS) and Raman spectroscopies has been carriedrpg experiments were carried out in 5%/AF flowing at 40

TPR profiles were obtained on a homemade apparatus as

out. mL min~! with a ramping rate of 10C min~! to a final
) ) temperature of 500C. The H consumption was monitored
2. Experimental Section using a thermal conductivity detector (TCD).
2.1. Catalyst Preparation.Cu/ZrQ;, catalysts with Cu/Zr ratio The laser Raman spectra were obtained at room temperature

of 1/2 were prepared by oxalate gel-coprecipitation method. An Using a confocal microprobe Jobin Yvon Lab Ram Infinity
alcoholic solution of 20% excess of oxalic acid was injected Raman system with a spectral resolution of 2:&rThe internal
rapidly into a mixed alcoholic solution (each 0.1 M) of copper 514.5 nm line from Ar excitation with a power of 10 mwW
nitrate and zirconium nitrate at room temperature under vigorous Was used as the source. The Raman signal was collected with
stirring. The resultant gel-like precipitates were separated by & 90-geometry.

centrifuge followed by drying at 110C overnight. Finally, XPS spectra were recorded with a Perkin-Elmer PHI 5000C
calcination of the as-obtained materials was performed in a system equipped with a hemispherical electron energy analyzer.
muffle oven at elevated temperatures ranging from 350 to 750 The Mg Ka (hv = 1253.6 eV) was operated at 15 kV and 20
°C for 4 h. The as-prepared Cu@rO, mixed oxide samples mA. The Cu 2p and Zr 3d core-level spectra were recorded
were designated as CE- where T denotes the calcination and the corresponding binding energies (BE) were calibrated

temperature. with respect to the C 1s line at 284.6 eV (accuracy wittin
2.2. Catalyst Characterization. The Brunauer Emmet 0.2 eV). The background pressure during the data acquisition

Teller (BET) specific surface areas of the calcined catalysts werewas kept below 2< 1079 Torr.

determined by adsorptierdesorption of nitrogen at liquid 2.3. Catalytic Activity Tests. The catalytic test was con-

nitrogen temperature, using a Micromeritics TriStar 3000 ducted using a fixed-bed microreactor from 160 to 30Qnder

equipment. Sample degassing was carried out at°80frior atmospheric pressure. A 0.5 g catalyst diluted with 0.5 g quartz

to acquiring the adsorption isotherm. sand (both in 4660 mesh) was packed in a stainless steel
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lower angle could be due to a phase segregation of CuO
P accompanied with the zirconia phase transformatidfurther
° calcination at 750C results in the nearly total replacement of
g tetragonal by monoclinic phase for the Zrphase.

To investigate the active phase of the Cu/Zdatalysts, the
@) XRD patterns of the five catalysts after reduction followed by
c7.650 subsequent reaction at 250 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°Gund the main
active phase of the Cu/ZgOcatalyst is metallic coppér.
Assuming that Cu particles were spherical, the average copper

Intensity (a.u.)

, CZ.350 metal crystallite sizes were calculated from the full width at
25 30 35 40 4525 30 35 4 45 50 5 half-maximum (FWHM) of Cu (111) diffraction lines. The
26 (degree) calculation results as shown in Table 1 reveal a much smaller

Figure 1. X-ray powder diffraction patterns of the CZ catalysts after CCPPET particle size for CZ-350 (12.1 nm), CZ-450 (13.2 nm),
caQI’cination (A)ygnd after exposurg to reaction conditionsy @) ( and CZ-550 (14.7 nm) samples as compared to CZ-650 (21.3
m-ZrO,, (O) t'-ZrO;, (M) CuO, @) Cu. nm) and CZ-750 (24.0 nm). The variation of Zr@hase is
similar to that in the oxide precursors; the only difference is
tubular reactor (6 mm i.d.). After reduction in a/Ar (5/95) that the proportion of m-Zr@phase in the high-temperature
flowing of 60 mL min~1 at 250°C for 6 h, premixed water and ~ calcined samples increased under reaction conditions, from ca.
methanol with a HO/MeOH molar ratio of 1.3 at a flow rate 32 to 48% for CZ-650 and from ca. 96 to 100% for CZ-750.
of 44.0 mL-NTP mi! were fed into the preheater maintained The physicochemical properties of the various CZ catalysts
at about 250C by means of a microfeeder. The vaporized feed obtained by calcination at different temperatures are also
entered the reactor with a stream of Ar gas, which had a flow presented in Table 1. With increasing calcination temperature
rate of 20 mL min! and then began the SRM reaction at the from 350 to 750°C, the BET surface areas of the Cu/arO
designated reaction temperature. The reaction products were firstatalysts decreased monotonically from 63 to 8gn’. The
passed through a cold trap, then the gaseous products such asffect of the calcination temperature on specific surface area
H,, CO, CQ, CH,; were detected on-line by the gas chromato- for the present as-synthesized sample is dramatic as reported
graph (Type GC-122, Shanghai Analysis) equipped with TCD for conventional aqueous coprecipitation-derived Cukr@-
and TDX-01 column; the liquid products, such as water and terials in the literatur& By using a quasi-sphere model, the
methanol, were analyzed by the same gas chromatographcopper metal surface area was estimated by the crystallite size
equipped with another TCD detector and Porapak-Q column. determined by the in situ XRD resuftéNotice that the “XRD
Unless otherwise mentioned, the catalytic activity was evaluated surface areas” (§*RP) exhibited a similar variation trend with
from the data collected ait® h of theon-stream operation by  respect to the BET surface area, from 18.9 to 95gm 2,
methanol conversionXyeon), CO, selectivity Scoz), and CO showing that the higher the calcination temperature is, the lower

selectivity &o) in the outlet. the copper dispersion is. At this situation, it is interesting to
) ) note that the data of the metallic Cu surface area as measured
3. Results and Discussion by N.O titration demonstrate clearly that the 530 calcined

3.1. Textural and Structural Evolution. Figure 1A compares ~ catalyst exhibits the highest copper dispersion as compared to
the XRD patterns of calcined catalysts obtained by decomposi- 0ther samples, inferring a unique €#rO, metat-support

tion of oxalate precursors formed by oxalate gel-coprecipitation Interaction in this n;gterial. Moreover, it is noticed that for all
of metal nitrates in alcoholic solution. Upon calcination at the samples thecyR® values are always much higher than the

elevated temperatures from 350 to 75G, a progressive ~ Scu-C values. These discrepancies may be caused by ag-
enhancement of the crystallite size of the CuO phase is 9lomeration of Cu particles or a strong €6rO, metal support
identified, as reflected from a continuous sharpening and interaction that reduces the accessible Cu surface area.
intensification of the diffraction peaks for the calcined samples ~ Raman spectroscopy is an effective technique to study the
as shown in Figure 1. It is interesting to note that a significantly surface characteristics of the catalysts. Figure 2 shows the visible
different variation behavior of the structural evolution as a Raman spectra of Cu/ZgOsamples calcined at different
function of the precursor calcination has been observed in thetemperatures. The samples CZ-350 and CZ-450 exhibit es-
zirconia phase. As shown in Figure 1A, only weak and broad sentially the same Raman features in which relatively weak and
diffraction peaks of CuO can be observed for the catalyst broad bands located at 144, 270, 322, 435, 598, and 638 cm
calcined at 350C, pointing to an amorphous or semicrystalline can be identified. According to the literaturthe bands at 144,
nature of the zirconia in CZ-350 sample. When the temperature 435, 598, and 630 cn} can be assigned to tetragonal ZrO
was increased to 450C, the diffraction peaks of metastable while the bands at 270 and 322 chare characteristic of CuO.
tetragonal Zr@phase (t-ZrQ@) appeared, the intensity of which  The absence of sharp bands in the spectra obtained by
increased drastically as the temperature reachedG5Notice calcination at lower temperatures indicates the semicrystalline
that the t-ZrQ peak at 2 = 30.6 shifted to higher angle upon  nature of the low-temperature calcined samples, which is in good
calcination at 550C, indicating a substantial incorporation of accordance with the XRD results. With increasing calcination
Cu?t ions into the zirconia lattice (i.e., they occupy the position temperature to 550C, new bands at 174, 210, 324, 366, 465,
of the Zr)5! After a progressive calcination at 65C, partial 522, and 548 crt, all characteristic of well-defined monoclinic
transformation from tetragonal to monoclinic phase occurred ZrO,, are observed. Coupled with the XRD data and previous
(m-ZrO,, ca. 32%), where the reshift of the t-Zr@eak to a observations for pure zirconia phase transformatfothis
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TABLE 1: Physicochemical Properties of Cu/ZrO2 Catalysts Calcined at Different Temperatures

SseT Vpore S N08 S XRPP deud® dzio™® ZrO, phases' ded Ozro® ZrO, phase!f
sample (m?%g) (cm¥g) (m¥gcat) (mgcat) (nm) (nm) (%) (nm) (nm) (%)
Cz-350 63 0.25 4.0 18.9 88 ¢ 121 -

CZz-450 58 0.23 5.9 17.3 9.5 13.2 —

CZz-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

2 Cu metal surface area determined yDNlecomposition methoBCu metal surface area estimated by the in situ XRD crystallite ®sgermined
for the working catalyst by the XRD data of oxide precurséibetermined for the working catalyst by the in situ XRD d&faerage crystal size
obtained with the Scherrer equation by using thEl{ldiffraction (2 = 28.5’) for monoclinic and the (111) diffraction ¢2= 30.4) for tetragonal
crystals; M and T represent the monoclinic and tetragonal phase, respecBegtentage of monoclinic phaselmaiy/(1.6 maiy + lray). INot
determined.
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Figure 2. Raman spectra of various CuO/ZrCatalysts.
indicates that the phase transformation of zirconia from tet- 2p,,
ragonal to monoclinic occurs already on the surface region of '
the 500°C calcined Cu/Zr@ material. Further calcination at ; 2p,, i
650 and 750C results in appreciable attenuation of these bands. 5 |CZ750 :

Note that the band at 270 cthdue to CuO in the samples CZ-
350 and CZ-450 shifted to 280 cthin CZ-650 and became

sharper, indicating the increase of the CuO particle %ize. !

3.2. Chemical State and Redox PropertiesThe catalyst CZ-550 !
surface composition and oxidation state were investigated by ;
XPS. Figures 3and 4 show Zr 3d and Cu 2p XPS of various M

Intensity (a.u.)

CuO/ZrG calcined catalysts, respectively. The Zis@@nd Zr |

3ds2 binding energy values are in the range of 179.8 and 184.5 CZ-350
eV, respectively. The binding energies of Zg3dnd its FWHM e e
values are reported in Table 2. The FWHM values for samples 970 960 950 940 930

CZ-350 and CZ-450 are found to be around 2.43, implying that B.E. (eV)
only one type of doublet is present. This, together with the
binding energy value of ca. 182.0 eV measured for Zj3t
indicative the presence of a single type of zirconium oxide with detected upon calcination in air at temperatures higher than 500
an oxidation state of-4.56 After calcination at temperatures °C, accompanied with the formation of oxygen vacancies in
above 550°C, the spectra exhibit a wide peak width consisting the ZrG lattice 657 Also in this case, in line with the formation

of two doublets with Zr 3¢}, binding energies at about 180.0 of monoclinic-enriched zirconia on the surface region of the
and 182.0 eV. As shown in the fitting to these curves, the lower calcined materials, the low BE Zr species evidenced in the above
BE values of the additional Zr species are attributable to the 550 °C calcined Cu/Zr@ samples may be associated with the
formation of surface zirconium sites having relatively higher oxygen vacancies on the surface or subsurface of Ftfice.
electron density. Similar effect has been previously observed From Figure 4, it can be seen that all the catalysts exhibit
in the case of Fe(Ng), impregnated Zrg?® and Cu/ZnO/ZrQ Cu 2p2 main peaks at about 933.6 eV accompanied by intense
catalyst®’ It was reported that oxygen coordinatively unsat- shakeup satellite peaks at about 942 eV, respectively, which
urated Zr sites such as Zr centers on Zr@ surface were suggests the main copper oxidation state-4&&>’ As the

Figure 4. Cu 2p XPS spectra of various CuO/ZxCatalysts.
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TABLE 2: XPS Results of Cu/ZrO, Catalysts Calcined at Different Temperatures

BE and FWHM fraction of Cu BE and FWHM fraction of Zr Cu/zr

sample of Cu2p2 (eV) species (%) of Zr3ds2 (eV) species (%) 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

calcination temperature increased above 850a shift toward adsorbed on the Catoms with significantly lower coordination
lower binding energy and broadening of the Cy,2peak can number. The shift toward lower frequencies can be explained
be observed. This phenomenon indicates the existence of at leadby the presence of larger copper particles in the catalysts
two kinds of surface copper species that differ in their chemical calcined at higher temperatures, which could donate more
environments. Deconvolution of the original Cus2peaks was electron density to the carbon-copper bond.

thus carried out and the peak positions as well as their To investigate the reducibility of the copper species in various
contributions extracted from the deconvolution are listed in CuO/ZrQ, calcined catalysts, TPR measurements were carried
Table 2. The species with binding energies between 934.0 andout and reported in Figure 6. All the samples exhibit a broad
934.2 eV as measured for CZ-550, CZ-650, and CZ-750 are reduction profile together with shoulders in the temperature
attributable to bulk Cu®? 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. M
The XPS intensity ratio of Cu 2p/Zr 3d values for various x4 5 €z-750

CuO/ZrG, catalysts is also included in Table 2, which reflects g
the copper dispersion on zirconia support. The surface atomic - o N
ratio of Cu/Zr increases with the increase of calcination > | x1/2 b CZ-650

temperature with a maxima at 585G 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 CZ-550

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 x1/2 CZ-450

the course of the catalyst preparation. A significant higher value
x1 A

Intensity (a.u.)

x
-
=
o
2105

2108

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 558G and decreases with further
increase of calcination temperature. As shown in Section 3.1, a
much higher dispersion of copper oxide on Zi®also noticed

for sample CZ-550 by the O titration method. Thus, the
present XPS results are in good agreement with the dispersion
of copper determined by JO titration method.

In situ FTIR CO adsorption analysis is another powerful
technique for the study of the chemical states of copper sp&cies,
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/ZrO
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, which is red-shifted to 2105 and
2102 cnt! for CZ-450 and CZ-550, and back to a higher
frequencies of 2107 and 2110 cifor CZ-650 and CZ-750
samples, respectively. This band is assigned t&-@QD spe-
cies®® the shift of which may be caused by the structural and
electronic changes of copper, as proposed by De Jong %t al..
Worth mentioning is that the CZ-550 catalyst showed the
maximum CO absorbance at ca. 2100 émin excellent
agreement with the O titration and XPS data that sample \
calcined at 550C has the highest surface copper dispersion. /\KL
In addition, a new weak band at 2013 chis registered for L L
sample CZ-550 and continuously shifted to lower frequencies 50 100 150 200 250 300 350 400
for higher temperature calcined samples. According to the Temperature (°C)
literature®® this band is associated with the carbonyls linearly Figure 6. TPR profiles of various CuO/Zr{catalysts.

CZ-350

1 v I M 1 M 1
2200 2100 2000 1900
Wavenumber (cm™)

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

Cz-750

CZ-650

CZ-550

H, consumption rate (a.u.)

CZ-450

Cz-350
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TABLE 3: TPR-Fitting Results of Cu/ZrO , Catalysts 100- T 10
Calcined at Different Temperatures /
Tu (°C) proportion of total area (%) 1 .
sample a B y a B y . 80 CHOH 80
Cz-350 180 217 236 24.5 35.2 40.2 < H
Cz-450 182 223 241 33.2 30.8 35.9 Té
Cz-550 176 198 212 22.2 63.4 14.4 [ . ole g
Cz-650 182 220 236 11.9 325 55.6 % 7 /E' <
Cz-750 194 242 262 6.1 30.2 63.6 £ o 2
s / 2
. o . 0 °
range 206-300 °C. Previously, it is shown that the reduction § - '/ -0 g
of bulk CuO is featured by a single reduction peak at a ® o o, | &
considerably higher temperature of 32D’ It is thus concluded 2
that there is a pronounced Cu/Zr interaction which facilitates 6 . A Z:A 20
O / A LA
Nl L

the reduction of the supported copper species. As the calcination

temperature increases, the main reduction peak becomes nar- 1 /5 - /io—

rower and shifts to lower temperature. In order to gain a further . 51%10_0—0——0——0——0 Lo
insight into the TPR results, the profiles are deconvoluted using T80 180 20 20 200 20 20 300

a computer prograrfl. The peak positions and their contributions

derived from deconvolution are summarized in Table 3. The Reaction temperature (°C)

original TPR profiles can be deconvoluted into at least three Figure 7. Product gas composition and methanol conversion vs reaction
peaks in all cases. This suggests the presence of at least thretemperature during steam reforming of methanol over catalyst CZ-550.
different types of CuO phase in the Cu/Zr€amples, where (I?ieaction conditions: ¥D/CH;OH = 1.3 molar ratio, WHSV= 5.4
highly dispersed CuO phase-peak), crystallized copper oxide h™ p= 0.1 MPa).

strongly (3-peak) or weakly ¥-peak) interacted with the ZrO 100

surface coexist! Such multiple TPR peaks have also been S — a4 |

noticed by Takezawa et &and Liu et af3 They have attributed o %

the low-temperature reduction peak to highly dispersed cop- 2 o L 12

per(ll) ions in an octahedral environméi£3 As can be seen 2 .

from Table 2, the fraction of lower temperature reduction peaks, % 85'_ ./ \ 10 g

that is, theo- andf-peaks, is found to be the highest and shifts < 8- _/ - o)

to lower temperatures for sample CZ-550 as compared to other (2] %

samples, indicating the presence of a stronger Zunteraction s iy —m— Methanol conversion 8 5

in the sample prepared by calcination at 580 g 70- —A— Selectivity to H, s
3.3. Catalytic Steam Reforming of Methanol.The catalytic g 1 |—0— Selectivity to CO -6 ‘g’

activity, selectivity, and stability of the present nanostructured S % g

Cu/ZrQ, catalysts are tested for the steam reforming of S 60 /\ n 4

methanol, which represents a promising alternative for use in B 55 O\o

catalytic generation of high purityHo produce clean electrical g ] -2

energy from fuel cells for vehicles application$!! Figure 7 50— T T . T

shows a typical set of results for methanol steam reforming over W~ 40 B & ™

the CZ-550 catalyst, illustrating the effect of temperature on Calcination temperature (°C)

the methanol conversion and the molar compositions with _. . )
L - Figure 8. Catalytic performance of various Cu/Zsr©@atalysts. (Reac-
respect to carbon dioxide, hydrogen, and carbon monoxide. ASion conditions: HO/CH:OH = 1.3 molar ratio, WHSV= 5.4 T2, p

shown, the methanol conversion exhibits a typical S-shaped = .1 MPa, 260°C).
temperature dependenteH, and CQ are produced ap-

proximately in a 3:1 ratio, and substantial CO formation is calcination temperature and reached a maximum at €50
initiated at around 280°C, when conversion of methanol  Fyrther increase of the calcination temperature led to a rapid
approaches completeness. Additional experiments, as reporteqiecrease of the activity. The selectivity to CO increased with
in a previous paper from our laboratdtyindicated that CO  the calcination temperature until 55@C and then rapidly
was not formed at short contact times and that its concentrationjecreased for higher temperature calcined samples. Moreover,
only became significant when the methanol was almost com- 5y gpposite trend for the selectivity toward the formation gf H
pletely con7sumed at longer contact times. Also, as demonstratedhs 5 function of calcination temperature is identified. This
previously” when compared to the catalysts prepared by ingicates that it is difficult to suppress CO evolution at high-

conventional methods, the oxalate gel-coprecipitation derived methanol conversion region due to the presence of reverse water
Cu/ZrG;, catalyst shows enhanced activity and long-term stability gas shift reaction

in methanol steam reforming.

The catalytic activity anc_i selectivity of the \{arious Cu/2rO CO,+ H,—~ CO+ H,0 1)
catalysts measured at 280 in the steam reforming of methanol
are illustrated in Figure 8. In all cases; &hd CQ 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 CH;0H + H,0 — CO, + 3H, (2)
the catalysts tested. It can be seen that the activity of the Cu/

ZrO, catalyst was enhanced monotonously by increasing the at a higher conversion levels.

as a consecutive reaction of methanol steam reforming (8RM)
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4. Discussions T@—%@—@; %) metallic Cu particle
o 350 °C 2%, 8 g, 70
Results obtained in this study clearly demonstrate that the R ) £ am-210,
strgcturgl evolution of zirconia} in .the Cu/ZsQystem, which %/// 2 9-9U-q —™ +720,
varies with respect to the calcination temperatures, plays a key woc @ Qo @
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’®-4° When zirconia is used as a support,
various reactions such as Fischdiropsch synthesis, hydro-
desulfurization, and methanol synthesis have been reported to
proceed with higher rates and selectivity than with other
supports2-27 In the specific field of methanol chemistry, it is
expected that new improved Cu/Zr@atalyst system with
enhanced methanol synthesis rates may be rationally optimized
by tailoring the structural distribution of ZgOamong amor-
phous, tetragonal, and monoclinic pha¥e4? In the present
work, we have unambiguously demonstrated that in addition to
the phase constitution, the specific microstructural arrangementFigure 9. Schematic illustration of the structural evolution of the
of the respective zirconia phases appears to be the key factomanostructured Cu/Zratalyst as a function of precursor calcination.
that controls the catalytic performance of the Cu/Zse@stem.
Noteworthy is that the 500C calcined Cu/Zr@catalyst featured  catalytic performance of a series of impregnation-derived Cu/
with the tetragonal Zr@as the major crystalline phase and  zr0, catalysts, Bell et al. disclosed that the Cu catalysts
enhanced catalytic performance in terms of methanol conversionactive for methanol synthesis than their analogues prepared with
or Hy production rate as compared to other samples. Theset.zr0, 3839 The reason of this effect has been rationalized as
findings form new basis for the structuractivity relationships  the higher CO adsorption capacity of m-zr@ a consequence
of the copper catalysts in methanol chemistry, which are of jts higher concentration of surface anionic vacancies. It is
prerequisites for a knowledge-based design of improved catalytica|so believed that the phase transformation from tetragonal to
materials. monoclinic phase can entail a geometric effect that can influence
The structural evolution followed by XRD and visible Raman the dispersion, leading to change in the morphology of the
spectroscopy has revealed that the phase transformation gf ZrO supported copper metal particles as well as enhanced metal
in the present coppetzirconia system follows the sequence of support interaction and reinforced synergy between Cu and

amorphous~ tetragonat— monoclinic over 356-750°C. The Zr0,.3839 At this situation, it is important to note that the XPS
XRD results show that the phase transformation from tetragonal results show that the phase change from tetragonal to monoclinic
to monoclinic phase began at 650 and completed at 75TC. phase, even merely in the surface regions of Zi€@n allow

Meanwhile, the Raman data demonstrate that the phase changéhe generation of higher amount of surface anionic vacancies
of tetragonal starts already at 530, which indicates that the  in the present Cu/Zr@system. Taking into account all these
phase transformation of zirconia from tetragonal to monoclinic structural features rendered by the different Zg@lymorphs,
takes place initially at the surface regions of the—ZuO, it is reasonable that the structural rearrangement, in particular
sample. Such significant surface structural rearrangement is alsdn the surface regions of zirconia, is found to play a significant
corroborated by XPS analysis, as inferred by the appreciablerole in controlling the size, and dispersion of the active copper
formation of surface anionic defects associated with the creationphase, as well as the metalupport interaction in the present
of Zr* species on the surface of the 580 calcined material.  Cu/zrO, system (see Figure 9).
Recently, by taking the unique advantage of the surface-sensitive  |nvestigation by means of TPR, .8 titration, and XPS
nature of the UV Raman technique, Li and his co-workers have combined with CO-adsorption has confirmed that the 360
shown that upon calcination the phase change from tetragonalcalcined material featured with the monoclinic Zr@s the
to monoclinic ZrQ begins at the surface region and then extends dominant surface layer of the support exhibits enhanced copper
into the bulk until the whole particle changes into the monoclinic surface area, stronger metalupport interaction and hence
phasé* Later, the same authors also revealed that the tetragonaimproved SRM activities as compared to other samples.
to monoclinic phase transformation initiates at 4Q0 and the Nevertheless, XRD and Nadsorption measurements have
phase totally becomes monoclinic at about 70%* A closer confirmed that with the calcination temperature increasing from
comparison of the XRD and visible Raman data reported herein 350 to 750°C a continuous increase in the copper particles size
with the XRD and UV Raman data by Li et @lindicates that ~ and loss of the BET specific surface area occurs. This indicates
the tetragonal to monoclinic phase transformation requires athat N;O titration is a better method for measuring the dispersion
higher temperature for present Cu/Zr€ystem than for pure  of Cu on zirconia. Most likely, the evolution of surface copper
ZrO,, inferring a pronounced copper-induced stabilization of dispersion is affected by two competitive factors. On one hand,
the metastable tetragonal structure in the surface region. the crystallization of the amorphous Zr@pon higher calcina-
With regard to the essential nature of zirconia phase as thetion temperature leads to the segregation of CuO particles from
support of copper catalysts for methanol synthesis or SRM the ZrQ, matrix and increase of higher accessible copper surface
reaction, the crystalline structure of Zr®as recently been  area, as evidenced by the decreasing deviatio®s SRP from
established as one of the main factors for rationalization of the S N-° values (see Table 1). On the other hand, the growth of
structure-activity relationships of Cu-based cataly&s®2 Very copper particle size leads to the decrease of copper metal surface
recently, on investigating the effect of ZgQphase on the area. When the catalyst was calcined below 850the growth
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280 temperatures leads to the conversion of all of the a,ZD
] t-ZrO,, and at higher temperatures to the conversion of t,ZrO
260 m to m-Zr0,.58 Because treatments also lead to a decrease in
./ surface area, m-Zris usually obtained with much lower
e surface area than t-Zp37-68 While it is not yet possible to
240 n—m achieve a complete tetragonal to monoclinic transformation at
lower temperatures, results obtained in this study indicate that
2204 a minor portion of the t-Zr@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

Hydrogen production rate (mmol g_,'h")

200+ area ZrQ supports with the properties of pure m-zr€an be
obtained by thermal treatment of t-ZrQunder moderate
1804 u conditions. This highlights new opportunities in the development
of highly active and selective zirconia-based catalysts for a wide
> 3 4 5 6 7 8 9 range of catalytic reactions.

. 2 -1
Specific Cu surface area (m'g_,") 5. Conclusions

Figure 10. The relationship between the measured specific Cu surface . I
area G, M>g-2) and hydrogen-production rat&{, mmol gcat? h-2) This study demonstrates that the precursor calcination mark-

at 260°C. edly affects the structure, reducibility, and dispersion of Cu/
ZrO; catalysts. The XRD results presented in this paper indicate
of copper patrticle size is limited because of the stabilizing effect that the phase transformation of zirconia from tetragonal to
of ZrO,, while the exposure of copper surface induced by the monoclinic requires a calcination temperature of 63D.
crystallization of ZrQ is more significant. Above 556C, the Nevertheless, Raman and XPS spectroscopies reveal that the
growth of CuO particle size plays a predominant role in the formation of monoclinic phase zirconia occurs already at the
structural change of Cu/Zratalyst, which also weakens the near surface regions of the 580 calcined sample. As opposed
interaction between copper and zirconia and consequentlyto the in situ XRD bulk analysis, 20 titration is found to be a
deteriorates the catalytic activity. more valuable method for measuring the dispersion of Cu on
At this juncture, it is interesting to note that metallic copper Z'O2 The results of O titration suggest that copper dispersion
surface area has widely been assumed to be the main parametét€Pends highly on the surface and structural nature of the ZrO
for the structure-activity correlation of Cu-based catalysts, SuPPort. The information obtained by TPR reveals the presence
given the well-established role of Cu as the main active Of three types of copper species on the Zrpport. The
component for methanol synthesis or related proce4<és. dlspt_ers!on of Cu as detgrm_lned by titration corrobc_;rates
However, there are also conflicting reports that suggest that thethe findings of XPS and in situ DRIFTS of CO adsorption. The
methanol conversion or hydrogen production rate does not showcatalytic activity of the Cu/Zr@ catalysts for the steam
correlation with the surface area of metallic copper for the Cu- '€forming of methanol also finds direct correlation with the
based catalyst€:-65For instance, instead of the observation of dispersion with the catalyst featured with surface-enriched
a positive correlation of the enhanced activity with the increasing Monoclinic phase being the most active for this reaction.
copper surface area, Ressler et al. have recently identified an
excellent linear relationship between the SRM activity and the A : )
lattice microstrain values of the Cu nanoparticles embedded in Natural Science Foundation of China (Grants 20421303,
the matrix of zinc oxidé%%6.67|t is therefore worthwhile to make 20473021, 20633030), the National Basic Research Program
a comparison between the catalytic activity of the present cu/ ©f China (Grant 2003CB615807), the National High Tech-
ZrO, catalysts and the specific copper surface area as determined!©/09y Résearch and Development Program of China (Grant
by surface titration with BD. Figure 10 shows the effect of 2006AA032336), the Committee of the Shanghai Education
the surface area of metallic copper on the hydrogen production(Gram 6SG03), and the Research Fund for the Doctoral Program

rate Ry,) from methanol steam reforming over the various Cu/ ©f Higher Education (Grant 20050246071).
ZrO, catalysts obtained by gel-coprecipitation of oxalate precur-
sors. Apparently, the increase in Hroduction rates does not
show linear correlation with the increasing copper surface area (1) Praliaud, H.; Mikhailenko, S.; Chajar, Z.; Primet, Mppl. Catal.,
for the five copper-zirconia catalysts. This demonstrates that B 1998 16, 359. o ,

although a high Cu surface area is a prerequisite for catalytic 199?)163""?2";' F.. Koeppel, R. A.; Minardi, E. G.; Baiker, A. Catal.
activity, it does not account for the observed activity changes ~(3) ko, J. B.; Bae, C. M.; Jung, Y. S.; Kim, D. KCatal. Lett.2005

alone without taking the powerful synergy between copper and 105, 157.
zirconia into account. (4) Yahiro, H.; Nakaya, K.; Yamamoto, T.; Saiki, K.; Yamaura, H.
. . Catal. Commun200§ 7, 228.

Although the main purpose of this paper was to present @ ~(5) agrell, J.; Birgersson, H.; Boutonnet, M.; Melian-Cabrera, I.;
detailed investigation of the structural evolution of the respective Navarro, R. M.; Fierro, J. L. GJ. Catal.2003 219, 389.
Cu and ZrQ phases occurring in the Cu/Zs@atalyst systems 200516)2{3%,5? W.; Song, M. W.; Koh, H. L.; Kim, K. LAppl. Catal., A
upon calcination at elevated_ temperatures, we would like to 7) Ma, Z.—Y.;Yang,C.;Wei,W.; Li, W.-H.: Sun. Y.-HJ. Mol. Catal.
comment here on the practical consequences of the preseni 2q05 231, 75.
results. Aqueous precipitation or sajel methods are often (8) Breen, J. P.; Ross, J. R. Batal. Today1999 51, 521.
employed to produce various zirconia-based functional materi- ~ (9) Matter, P. H.; Braden, D. J.; Ozkan U.B.Catal.2004 223 340.

68 i ; (10) Kniep, B. L.; Ressler, T.; Rabis, A.; Girgsdies, F.; Baenitz, M.;
als®® In most cases, the initial product is an amorphous Steglich, .- Schiogl, RAngew. Chem., Int. E®004 43, 112,

zirconium oxyhydroxide or a mixture of a-ZpGand t-ZrQ. (11) Velu, S.; Suzuki, K.; Okazaki, M.; Kapoor, M. P.; Osaki, T.; Ohashi,
Calcination of the initial product at progressively higher F.J. Catal.200Q 194, 373.
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