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Abstract Effects of promoters such as zirconia and zinc
oxide to copper catalysts have been studied in methanol
steam reforming (MSR) reaction at 260 °C. The catalytic
activity and stability of copper are improved by promoters,
especially zirconia. The results of Sggr and S, represent
that both promoters can increase Sggr of catalysts from
0.26 to 0.28-0.99 m2/g and S¢, of them from 0.13 to 0.21—
0.25 m*/g and XRD further illustrate that they can stabilize
the crystal size of copper in process of reduction and
reaction. Besides, XPS results indicate that both ZnO and
ZrO, can stabilize Cu™ species and promote the catalytic
activity for MSR. In addition, the rich surface hydroxyl
species on ZrO,/Cu account for its superior catalytic per-
formance to ZnO/Cu and Cu.

Keywords Methanol steam reforming (MSR) -
ZnO/Cu - ZrO,/Cu - Cu™ species - Surface hydroxyl

1 Introduction

The steam reforming of methanol for H, production over
alumina-supported Cu/ZnO catalysts has attracted enor-
mous interest in the development of fuel cell powered
devices, especially for mobile applications [1, 2]. A large
variety of catalytic materials for the steam reforming of

G.-S. Wu (X)) - D.-S. Mao - G.-Z. Lu

Department of Chemical Engineering, Research Institute
of Applied Catalysis, Shanghai Institute of Technology,
200235 Shanghai, People’s Republic of China

e-mail: gswu@fudan.edu.cn

Y. Cao - K.-N. Fan
Department of Chemistry, Fudan University, 200433 Shanghai,
People’s Republic of China

methanol have been reported in the literature. Among
them, copper-containing catalysts such as CuO/ZnO and
Cu0/Zn0O/Al,O3, which are traditionally used for methanol
synthesis and low-temperature water gas-shift reaction,
have been the most frequently studied [3, 4]. Despite their
high activity and selectivity for MSR, shortcomings of the
conventional Cu/ZnO-based catalysts have been noted as
the problems with long-term stability, low resistance to
contaminants and the formation of poisonous CO as a
byproduct [5]. Therefore, the development of new efficient
catalyst systems that exhibit an improved long-term sta-
bility and selectivity for hydrogen production is highly
desired.

In developing more suitable catalysts for MSR, CuZr-
based catalysts have attracted considerable attention owing
to their high activity and enhanced stability compared with
conventional ZnO-supported counterparts [1, 6]. The
eximious performances of zirconia containing catalysts
have been attributed to a higher Cu surface area, better Cu
dispersion, and improved reducibility of Cu [1, 6]. Besides,
the interface between copper and zirconia has attracted
more and more attention because particular electron
interaction and synergistic effect occur [7-10]. Therefore
various synthetic methods including coprecipitation of
metal salts [7], impregnation of copper onto a zirconia
support [8], the formation of amorphous aerogels and the
polymer templating technique have been used [9, 10] with
the aim of augmenting the interface between copper and
zirconia by improving the copper dispersion or by
restraining the crystallization of zirconia. Furthermore, it is
also notable the catalytic activity of Cu/ZrO, for methanol
synthesis or MSR increases with rise of the calcination or
reduction temperatures in spite of the crystallization of
zirconia and increase of copper crystal size [7, 10]. The
accumulation of zirconia on the surface of catalyst is
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observed due to migration of zirconia on the catalytic
surface with rise of calcinations/reduction temperature
[7, 10]. For CuZnAl catalysts, the similar correlation of
catalytic activity and the reduction temperature is
observed, which is also accounted for by the encapsulation
of ZnO on the surface of Cu/ZnO [11]. In order to further
clarify ZnO effects, Cu crystal surface modified by ZnO is
also studied using surface science experiments [12, 13] and
theoretical calculation [14].

Even though the extensive studies have been devoted to
the mechanism of catalytic reactions mediated by copper
based catalysts, many questions remain open. The Cu® or
Cu™ species is proposed to be active sites alone [1, 6]. In
other studies, zirconia is proposed to participate in the
reaction and form the active site with copper species
[7, 10].

In the present work, the model catalysts, pure copper
particles doped by zirconia or by zinc oxide, are designed,
whose catalytic activities for MSR were investigated to
elucidate the relation between the catalytic actives and
catalytic surface structure, attempting to answer the fol-
lowing questions: (1) in ZnO and ZrO,, which is more
remarkable to promote the catalytic activity of copper? (2)
How does the electric properties of copper vary doped with
promoters? (3) What is the crucial factor to promote the
catalytic performances.

2 Experimental Section
2.1 Catalytic Preparation

Pure copper catalysts were prepared by calcination of
copper nitrate at 400 °C for 4 h. ZrO,/Cu (ZrO,: 10 wt%)
and ZnO/Cu (ZnO: 10 wt%) were obtained by impregna-
tion method. Briefly, CuO decomposed from Cu(NOs),
was impregnated in the solution (5 M) of Zr(NO;3)4 or
Zn(NO3), for 10 h, followed by air drying at 120 °C for
overnight and air calcinations at 400 °C for 4 h.

2.2 Catalytic Testing

The catalytic activity for MSR was measured in a contin-
uous flow, fixed-bed U-shape quartz reactor under
atmospheric pressure. 200 mg sample (40-60 mesh) was
used, which was reduced in flowing H,/Ar (30 mL/min) at
260 °C in advance. The reaction feed (60 mL/min) was
obtained by converging two routes of He, which passed
through the bubblers (at 50 °C) of water and methanol,
respectively. The ratio of methanol and water is 1.2, which
was achieved by adjusting the flux ratio of He through two
bubblers filled with water and methanol, with 1.85 g/(hg)
of GHSV (gas hour space velocity). The tailor gas was
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on-line analyzed with quadrupole mass spectrometer
(QMS200, Balzers OmniStar). In the process of reaction,
the feed rate was kept constant and the reaction time in
Fig. 1 is defined as the time on stream.

2.3 Sample Characterizations

Powder X-ray diffraction (XRD) patterns were acquired on
a Bruker AXS D8 Advance X-ray diffractometer using
Cu-Ko radiation (0.15418 nm). The tube voltage and cur-
rent was 40 kV and 40 mA, respectively. Sample used for
XRD was on-line reduced at 260 °C for 1 h, and then was
exposed in the flowing mixture of methanol and water at
260 °C for 1 h. The mean crystallite dimensions were
obtained from the integral width of Cu (111) diffraction
line using the Scherrer relation after correction for instru-
mental broadening with the Warren procedure [15]. The
nitrogen isotherms and subsequently the multipoint Bru-
nauer—Emmett-Teller (BET) surface areas (Sggr) were
determined by N, adsorption at —196 °C in the Microm-
eritics TriStar 3000 apparatus, using a value of 0.164 nm?
for the cross section of the nitrogen molecule. The surface
of pure copper in the reduced catalyst was determined with
the use of the reactive adsorption of N,O at 90 °C
according to the method described in [16]. The surface
morphologies were observed by scanning electron
microscopy (SEM, Philips XL 30). Before being trans-
ferred into the SEM chamber, the sample with ethanol was
dispersed on the sample holder and then quickly moved
into the vacuum evaporator (LDM-150D) in which a thin
gold film was deposited after drying in vacuo. X-ray pho-
toelectron spectra (XPS, Perkin Elmer PHIS000C) were
recorded with Al-Ko radiation as the excitation source
(hv = 1,486.6 eV). The sample pressed into a self-sup-
ported disc was mounted on the sample plate. Then it was
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Fig. 1 The catalytic activity for the methanol steam reforming
reaction: a Cu, b ZnO/Cu, ¢ ZrO,/Cu
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degassed in the pretreatment chamber at 110 °C for 2 h in
vacuo before being transferred into the analyzing chamber
where the background pressure was lower than
2 x 1077 Torr. All the binding energy (BE) values refer-
enced to the C 1 s peak of contaminant carbon at 284.6 eV
with an uncertainty of £0.2 eV. Before XPS test, the cat-
alysts after reaction were protected in N, atmosphere,
which was treated by Ar ion sputtering in XPS process in
order to removing the surface oxides induced by transitory
exposition in air. About 50 mg sample was placed between
two layers of the quartz sand of U-type quartz reactor for
temperature programmed reduction (TPR) studies. TPR ana-
lyze was carried out in a flow of 5 vol% Hy/Ar (50 mL/min)
from ambient temperature to 600 °C at a heating rate of
15 °C/min. The H, consumption was recorded by moni-
toring m/e signal of two with an on-line quadrupole mass
spectrometer.

3 Results
3.1 Activity

The activity data for MSR (in Fig. 1) represent that the
initial conversion of methanol of Cu is about 14%, which
gradually decreases to 0% after 30 min. In contrast, the
initial conversions of ZnO/Cu and ZrO,/Cu catalysts are
beyond 90%, which rapidly decrease to 37.9 and 51.6%
after 25 min, respectively. Despite of further continuous
decrease of conversion of methanol with reaction time,
promoted Cu catalysts, especially ZrO,/Cu, show much
higher stability than Cu. These results illustrate that both
promoters can promote the catalytic activity and stability,
in which the promotion of zirconia is more remarkable.

3.2 The Basis Properties of Catalysts
The data in Table 1 indicate that the Sggr and Sc, of

copper catalyst are 0.26 and 0.13 m?%/g, respectively.
Introduction of ZnO or ZrO, can increase Sc, and Sggr of

Table 1 The basic properties of catalysts

catalyst. Among others, effect of zirconia is more promi-
nent, with Sggr and Sc, being 0.99 and 0.25 mz/g,
respectively.

3.3 XRD Results

Copper of all catalysts is in the form of CuO before
reduction (Fig. 2), and their crystallization is almost
the same judging from the crystal sizes of CuO shown in
Table 1. Besides, the evident diffraction peaks of ZnO
appear in pattern of ZnO/Cu while those of ZrO, phase are
not identified in pattern of ZrO,/Cu, illustrating the zirco-
nia is high dispersed state or amorphous in ZrO,/Cu.
Because XRD patterns of catalysts after reduction and after
reaction are almost identical, only the results after reaction
are displayed in Fig. 3. It indicates that CuO in all catalysts
is reduced into metallic copper after reduction and after
reaction. The data in Table 1 also illustrate that the copper
crystal sizes of ZrO,/Cu or ZnO/Cu after reduction and
after reaction is slightly small than reduced Cu, indicating
of the stabilization role of promoters to the copper crystal
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Fig. 2 XRD patterns [CuO (@), ZnO (H)] of the catalysts before the
reactions: a Cu, b ZrO,/Cu, ¢ ZnO/Cu

Sample SBET(mZ/g) SCu(mz/g)"l Crystal size of Cu® (nm) Reduction degreed (%)
Before reaction After reduction® After reaction®

CuO 0.26 0.13 22.5 29.9 31.5 100

ZnO/Cu 0.28 0.21 21.6 28.9 29.6 103

Z1r0,/Cu 0.99 0.25 229 27.5 26.0 116

* Determined with the use of the reactive adsorption of N,O at 90 °C
® Determined by XRD

¢ The temperatures of reduction and reaction are 260 °C, respectively
4 Calculated assuming that CuO was reduced to Cu®
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Fig. 3 XRD patterns [CuO (@), ZnO (H), t-ZrO,([1)] of the
catalysts before the reactions: a Cu, b ZrO,/Cu, ¢ ZnO/Cu

size in the process of reduction or reaction. In addition, it is
also notable that the copper crystal size of ZrO,/Cu after
reaction is smaller than that after reduction, further illus-
trating the particular stabilization role of zirconia.

3.4 TPR Results

Although TPR profiles of three catalysts both display a
single reduction peak (see Fig. 4), corresponding to
reduction of CuO to Cu, two types of promoters have the
different effect to the reduction of copper. ZrO, can pro-
mote the reduction of CuO remarkably, reflected by the
phenomena that the maximum of ZrO,/Cu reduction peak
decreases by about 20 °C and that the reduction
peak becomes narrow. Although the maximum of reduction
peak of ZnO/Cu almost identical with that of Cu,
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Fig. 4 TPR profiles catalyst: a Cu, b ZnO/Cu, ¢ ZrO,/Cu
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broadening of reduction peak indicates that the reduction of
copper becomes difficult. The amount of H, consumed
during the reduction process is used to determine the
reduction degree of copper in catalysts assuming that CuO
is reduced to Cu’. It is found that the reduction degree of
7ZrO,/Cu and ZnO/Cu is 116 and 103% (in Table 1),
respectively, indicating that the species of zirconia and zinc
species also consume hydrogen in the process of reduction.

3.5 SEM Results

The morphological images from SEM are represented in
Fig. 5. SEM image of Cu (Fig. 5a) is characteristic of short
bars stacked randomly, which badly aggregate and form the
honeycomb-like morphology (Fig. 5b) after reaction of
MSR. Zirconia doped on CuO is highly dispersed (see
Fig. 5c), with slight change of CuO configuration. After
reaction of MSR, the aggregation of Cu in ZrO,/Cu is
greatly restrained by the zirconia, with amorphous zirconia
of multi-pore structure wreathing on the surface of copper
(Fig. 5d). In contrast, the larger ZnO particles on the sur-
face of CuO are identified on the surface of ZnO/Cu before
reduction (Fig. Se). After reaction (Fig. 5f), the morphol-
ogy of ZnO/Cu is flatter with fewer pores than that of Cu
and ZrO,/Cu. Furthermore, it is difficult to distinguish the
copper from zinc species on the surface of ZnO/Cu after
reaction, indicating that the homogeneous species of cop-
per and zinc are formed.

3.6 XPS Results

To shed light onto the change of surface species of copper
catalysts promoted with ZrO, or ZnO, XPS studies were
carried out (see Fig. 6). From the inspection of the shape of
the spectra and the values of the Cu 2p BEs and Auger
parameters summarized in Table 2, it can be concluded
there exists the single Cu® specie on the surface of Cu,
which is characterized by the maximum of the main pho-
toelectron peak at 932.5 eV, and the value of the Auger
parameter at 1,850.6 eV [17]. For ZrO,/Cu and ZnO/Cu,
there also exists Cu™ species besides the Cu® species,
featured by shift to 1,848.2 eV of Auger parameter of the
main peak [17]. It is worth noting that there appears the
shoulder peak at BE of 934.5 eV for Cu 2p3,, peak of ZrO,/
Cu, which is higher about 1 eV relative to the BE of main
peak of Cu?" and might be attributed to Cu species inter-
acting strongly with zirconia. On the Cu/ZrO, with low
copper loading, the XPS of Cu also displayed a single peak
at about 934 eV [9] because of a strong interaction in terms
of charge transfer from copper to nearby oxygen ligands of
ZrO,. Our results by theoretical calculation also illustrated
the copper atoms coordinated by a —OZrO,(OH);_, hold
0.6-0.9 positive charge [18]. It can be envisioned that the
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Fig. 5 SEM of catalysts: a Cu
as prepared, b Cu after reaction,
¢ ZrO,/Cu as prepared, d ZrO,/
Cu after reaction, e ZnO/Cu as
prepared, f ZnO/Cu after
reaction
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copper atom coordinated with more —OZrO,(OH);_, will
transfer more charge to near oxygen atoms and that its BE
will shift to higher value.

O 1 s XPS of ZnO/Cu and ZrO,/Cu are also investi-
gated, which are displayed in Fig. 7 and Table 3. All peaks
are characterized by wide peaks indicating of the super-
position of multi-peaks. According to the position of the
different O species in literature, the O 1 s peaks are sepa-
rated into three peaks at about 532.7, 531.5, 528.9 eV,
which corresponds to O of —OH (Oy), O of ZnO, ZrO, or
Cu,0 (Op) and O of CuO (Oyy), respectively [17, 19].
After reaction, the XPS of O 1 s shift to higher position due
to lose of Oy species. The relative O contents tabulated in
Table 3 show that Of/(O; 4+ Oyy) of catalysts before and
after reaction only shows slight change, indicating that the
states of ZnO and ZrO, are relative stable in the process of
reduction and reaction. Furthermore, the O/(O; + Oy) of
ZrO,/Cu is about 3.8 times as high as that of ZnO/Cu,

illustrating much richer hydroxyl presents on the surface of
Z1rO,/Cu.

4 Discussion

As catalytic supporter, both zirconia and zinc oxide are
often used in various catalysts systems. However, ZrO,/Cu
has exhibited the higher activity and selectivity than ZnO/
Cu in various reactions such as Fischer—Tropsch synthesis
[20, 21], methanol synthesis [22, 23], and hydrodesulfuri-
zation [24], which have attributed to the zirconia properties
of high surface area, high thermal stability and the
amphoteric character [20-24]. The data of Sggr and XRD
in the case also show that both promoters can improve the
surface area of catalysts, stabilize the crystal size of copper
and prevent copper particles from aggregation in the pro-
cess of reaction. SEM results further show that zirconia is
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Fig. 6 Cu XPS and Cu Auger spectra pf catalydtd, a Cu, b ZrO,/Cu, ¢ ZnO/Cu

Table 2 Binding energies (eV), fwhm and Auger parameters of Cu 2p;/, for copper catalysts

After reaction

Sample Oxide

Satellite peak (eV)™" Main peak (eV)*° 115 Main peak® o'
Cu 942.1(4.6) 933.7(3.7)° 2.18 9325 1,850.6
ZrO,/Cu 941.2(5.1) 932.9(4.6) 1.82 932.2 1,848.2
ZnO/Cu 941.5(3.8) 933.0(3.8) 2.40 932.3 1,848.2

? The position of binding energy

® The numbers in parentheses are full width at half-maximum (FWHM)

¢ The intensity ratio of main peak and satellite peak

9 The Auger parameter which is the sum of BE of Cu 2p and KE of Auger

_—
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—
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540 538 5% 534 532 0 528 5%
Binding energy (eV)

Fig. 7 O 1 s XPS of catalysts, a ZrO,/Cu, b ZnO/Cu
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Table 3 The binding energies (eV) of O 1 s for catalysts

Sample State BE of O 1 s (ev) Oy/(O1 + Oy (%) O/(Oy + Op + Opy) (%)
O On Om
Z10,/Cu Oxide 532.7 531.5 528.9 18.4 11.8
After reaction 532.7 531.5 16.9 -
Zn0O/Cu Oxide 532.6 530.8 289.8 61.9 34.3
After reaction 532.7 530.5 64.6 -

amorphous on ZrO,/Cu, its promotion to the catalytic
structure is more remarkable than that of ZnO. It is still
notable that Sggpt of ZrO,/Cu is only 0.73 m2/g larger than
that of Cu, which might be due that zirconia is doped by
impregnation and its loading is little. These results illus-
trate that it does not seem adequate to account for the
remarkable improvement of catalytic activity and stability
only through increase of Sggt and Sc, as well as decrease
of crystal size of copper. Accordingly, other factors to
promote the catalytic activity should be taken account into.

Although a linear correlation between copper surface
area and methanol synthesis activity has been observed by
Chinchen et al. [25], more and more evidences have proved
that Cu™ [26] and Cu®’~Cu™ [27] should be the active sites
for methanol synthesis. Introduction of little amount of
CO, or O, in feed can maintain the concentration of Cu™,
which can promote the catalytic activity remarkably
[28, 29]. More recently, it is also found Cu/ZrO, catalyst
reduced in hydrogen shows the initially low activity for
MSR, whose activity is remarkably promoted with tem-
porary exposition in oxygen of catalyst [30]. Oguchi et al.
[31, 32] also proposed that the catalytic activity of Cu/ZrO,
for MSR is approximate linear relation with its surface
oxygen content. Besides, it also found that copper species
on Cu/ZrO, with high activity are mostly the state of Cu™
using XRD and EXAFS methods [31, 32]. Furthermore, the
surface science experiments also prove that methanol or
CO on clean single-crystal Cu surfaces tends to show little
or no reactivity and the surface oxygen must exist on the
surface of Cu crystal surface in order to facilitate the
adsorption of methanol [33]. In our case, the results of XPS
and Auger spectra also represent that Cu™ dominates on the
surface of ZrO,/Cu and ZnO/Cu, which might be another
reason for enhanced catalytic activity and stability. The
results of our previous work [34] and other works [35, 36]
show that there exist rich oxygen vacancies on the surface
of zirconia and ZnO, which can stick the oxygen atom of
Cu,O and stabilize Cut species. Reduction degrees of
ZnO/Cu and ZrO,/Cu determined by TPR in Table 1 are
beyond 100%, further evidencing that rich oxygen vacan-
cies are formed in the process of reduction. In addition, the
copper species strongly interacted with zirconia are also

indicative of positive charge nature owing to charge
transfer from copper to the vicinal O of ZrO,.

Besides, Oguchi et al. [31, 32] also suspect the hydroxyl
on the surface of zirconia can improve the stability of CuO/
ZrO, for MSR reaction. TPD results of water show that
zirconia can effectively dissociate water even at 260 °C to
form hydroxyl, which can react with adsorbed methanol to
form CO, and H, and hinder oxygen species consumption
on the surface of copper [37]. On the contrary, pure copper
particles hardly display any desorption of water [37]. In Pt
catalyst, similar opinion is also proposed that the Pt—-OH
species obtained from water dissociation react with adsor-
bed methoxide to produce CO, and H; [38]. On the basis of
O contents of different types from XPS in Table 3, it is also
shown that the hydroxyl of ZrO,/Cu is about 3.8 times as
high as that of ZnO/Cu, which might account for much
higher catalytic activity and stability of ZrO,/Cu than that
of ZnO/Cu.

According to the discussion above, Cu’ and surface
oxygen as well as the physical structure of the catalysts are
pertinent to the catalytic performance. Besides promotion
of catalytic structure, zirconia species in ZrO,/Cu are able
to efficiently dissociate water to form surface hydroxyl,
which not only react with adsorbed methanol or methoxide
to produce CO, and H,, but also maintain surface oxygen
species on Cu to certain concentration. According, ZrO,/
Cu shows superior catalytic performance to ZnO/Cu and
Cu.

In addition, it is also notable that while ZnO/Cu and
ZrO,/Cu are initially more active than Cu alone, the deac-
tivation of all three catalysts is very pronounced. These
phenomena might be ascribed to the preparation methods of
the catalysts. The model Cu-based catalysts in the case are
prepared by calcining and decomposing Cu(NOs),, and the
promoters with low loading (10%) are doped by impreg-
nation. It is appear that copper particles are facile to
congregate without the supporter, as is evidenced by the
results of SEM. Even if promoter, ZnO or ZrO,, can sta-
bilize the crystal size of copper and prevent copper from
aggregation, it can not still maintain the catalytic structure
and activity well because impregnating the promoters can
not disperse copper particles well. The aggregation of
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copper might cause shrinkage of interface between copper
and promoter and catalytic deactivation. Because of relative
stable structure of ZrO, and role of surface hydroxyl, the
deactivation rate of ZrO,/Cu is less than that of ZnO/Cu and
Cu.

5 Conclusion

The catalytic activity and stability of Cu catalyst is
enhanced by both of ZrO, and ZnO promoters, which can
not only enlarge the surface area of catalysts, stabilize the
crystal size of Cu, and prevent Cu particles from aggre-
gation in the process of reduction and reaction, but also
stabilize the Cu™t species on the surface of catalysts.
Compared with ZnO, ZrO; is highly dispersed state on the
surface of catalyst and holds rich surface hydroxyl, which
can stabilize Cu™ species and promote the catalytic activ-
ity. Therefore, ZrO,/Cu manifests more excellent
performance than Cu and ZnO/Cu for MSR.
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