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Methanol steam reforming to hydrogen and carbon dioxide is catalyzed over Cu/ZnO prepared by a
coprecipitation method. The addition of zirconium ions to the starting material of the catalyst results in
improvement of the activity and reduction in the particle sizes of copper and zinc oxide. However, the
surface activity of copper on Cu/ZnO/ZrO; is similar to that for Cu/ZnO. It is suggested that the activity
depends mainly on the interaction between Cu and ZnO particles and the presence of zirconium oxide
does not directly affect the activity. Steep deactivation occurs over Cu/ZnO in the reaction at 400°C, but
the presence of ZrO, particles hampers the aggregation and/or sintering of Cu and ZnO particles and
mitigates the deactivation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is industrially produced from coal and hydrocar-
bons such as natural gas and naphtha mainly for desulfurization
of petroleum, synthesis of methanol and ammonia, and hydro-
genation of chemicals [1]. In recent years hydrogen has been
also utilized as the energy resource of fuel cells. Due to environ-
mental issues, polymer electrolyte fuel cells (PEFCs) have gained
importance for the automobile industry. However, hydrogen has a
problem with its portability, and one of the solutions is on-board
hydrogen processing from liquid energy carriers, e.g., methanol,
dimethyl ether, and gasoline [2]. Steam reforming of methanol
(CH30H +H,0 — 3H; +CO,) is advantageous for the hydrogen pro-
duction because the reaction usually proceeds over copper catalysts
at a reaction temperature lower than 300 °C. Since carbon monox-
ide poisons the catalytic anodes of PEFCs, the CO content of the
hydrogen fuel should be less than 10 ppm [3]. While an extra mod-
ule for CO removal is required between the reformer and the PEFC
unit, the CO selectivity of the methanol steam reforming is signif-
icantly small in comparison with the hydrogen production from
other liquid energy carriers [2].

In general, Cu/ZnO/Al,03 catalysts are used for the reaction
due to the high activity and selectivity at low temperatures below
300°C [4]. However, deactivation easily takes place at a tempera-
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ture higher than 300°C [2,5] and the catalysts are not pertinent for
a portable hydrogen processor because the reaction temperature
often fluctuates and exceeds 300°C [6,7]. Also, the reactor must
be immediately heated up to the reaction temperature under DSS
(daily start and stop) operation mode. Thus, the catalyst for the
hydrogen processor must be durable against the thermal impact
in the reactor. Although copper has a low Tammann temperature,
reflecting the low melting point (1083 °C), the thermal stability of
Cu/ZnO is often improved by the addition of metal oxides [8]. The
methanol steam reforming with Cu/ZnO/ZrO, has been reported
by some researchers and the addition of zirconium oxide gener-
ally improves the activity of Cu/ZnO in the reaction at 200-300°C
[9-11]. In the previous study, we found that the Cu/ZnO/ZrO,
ternary catalyst is fairly stable at a reaction temperature as high
as 400°C, but the activity is gradually decreased in the repeti-
tion of the reaction [12]. In order to prevent the deactivation, we
must understand its mechanism. It was supposed that the pres-
ence of zirconium oxide hampers the growth of ZnO particles and
the catalytic deactivation is due to the change in the interaction
between Cu and ZnO particles [12]. However, Wang et al. reported
that the crystalline structure of ZrO, affects the activity of Cu/ZrO5,
suggesting the contribution of ZrO, to the mechanism [13]. Szizy-
balski et al. suggested that the activity of Cu/ZrO, is affected by the
metal-support interaction between Cu and ZrO, [14]. Hence, we
have characterized the Cu/ZnO and Cu/Zn0/ZrO, catalysts without
deactivation at 250°C and compared the activities to investigate
the effect of zirconium oxide; then, the stability of the catalysts is
studied in the reaction at 400°C.
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2. Experimental

Copper supported on zinc oxide (50%Cu/ZnO) was prepared by
coprecipitation from a 0.5-M aqueous mixture of Cu(NO3),-3H,0
(Wako Pure Chemical, S grade) and Zn(NOs),-6H,0 (Wako, S)
with addition of an aqueous solution of Na;CO3 (0.5M) under
vigorous stirring at 80 °C. After filtration, the precipitate was dis-
persed in distilled water and washed at room temperature for
ca. 0.5 h. The procedure was repeated for several times until the
pH value and conductivity of the filtrate reached to the lev-
els of the distilled water. The precipitate was dried at 120°C
for 15h and finally calcined in air at 500°C for 12h. The Cu
content was 50wt.% in the reduced form. The ternary cata-
lyst (40%Cu/Zn0O/ZrO,) was prepared from the same aqueous
mixture as for 50%Cu/ZnO except containing ZrO(NOs3),-2H,0
(Wako, 1st). The Cu and ZnO contents were both 40wt.%
and the ZrO, content was 20wt.%. A commercially available
Cu/ZnO/Al, 03 catalyst (Stid-Chemie MDC-3) was also used as a
reference.

Catalytic tests were performed in a fixed-bed continuous-flow
reactor operated under atmospheric pressure. Zirconia balls (1.7 g,
1mm in diameter) were mixed with a powder catalyst (0.30¢g,
50-100 mesh) in order to reduce back pressure during the reac-
tion and keep sufficient length of the catalyst layer. The mixture
was placed in a tubular reactor made of stainless steel (i.d., 7 mm)
with quartz-wool plugs. In the reaction at 250 °C, the catalyst was
pre-reduced at the reaction temperature in a stream of 10-vol.%
hydrogen diluted with argon (6.0dm?3 h~1) for 1 h; then, a reaction
mixture of methanol, steam, and argon (1.0/1.2/0.5 in molar ratio)
withaflowrate of29dm?3 h~! (F/W, 96 dm3 h~! g~!; methanol feed,
36dm?3 h~' g-1)was admitted. Excess steam was used to reduce the
CO by-production and avoid coke formation in the reaction [2]. In
the case of Cu/ZnO/Al, 03, the catalyst was gradually reduced under
the hydrogen stream from 150 °C to 250 °C for 5 h and kept at 250°C
for 1h because the catalyst is fragile against the overheat in the
reduction process [2]. The effluent gas was dried with a cold trap
at ca. —50°C, and analyzed with an on-stream gas chromatograph
(Shimadzu GC-8A; activated carbon, 2 m; Ar carrier) equipped with
a thermal conductivity detector (TCD). In the reaction at 400°C,
the catalyst was pre-reduced with the reaction mixture at 250°C
for 1h; then, the reactor was heated up to 400°C in the reaction
flow within 0.3 h for the simulation of the DSS operation. After
the reaction, the catalyst was cooled to room temperature under
an argon stream. The reaction with 40%Cu/Zn0O/ZrO, was restarted
after heating to 500°C within 0.5h in the argon stream in order
to give thermal impact. The temperature was kept for 1h and
decreased to 400 °C; then, the reaction was carried out for 7 h and
the catalyst was cooled down. The cycle recurred in the following
runs.

The methanol conversion was determined from the material
balance of the reactant and the products. The error was within 5%.
No formation of formaldehyde, methane or methyl formate was
observed. The CO selectivity was defined as the molar ratio of CO
to that of the sum of CO and CO, produced.

Temperature-programmed reduction (TPR) of the catalyst
(0.50¢g) was carried out in a stream of 10-vol.% hydrogen diluted
with argon at a flow rate of 6.0dm3 h~!. Temperature of the sam-
ple bed was risen linearly at a rate of 200°Ch~1. The hydrogen
consumption was monitored by analyzing the hydrogen concen-
tration with the on-stream GC every 3 min. No complete hydrogen
consumption was observed in the reduction.

The surface of the sample reduced with hydrogen at 250 °C for
1 h was oxidized by the decomposition of N;O at 50°C [15]. After
the reduction the sample (0.5 g) was cooled to 50°C in a flow of
helium, and pulses of N,O were fed. The amount of N, produced
was measured with a TCD.
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Fig. 1. Catalytic activity of the copper catalysts in methanol steam reform-
ing at 250°C. Circle symbols, 50%Cu/ZnO; square, 40%Cu/ZnO/ZrO,; triangle,
Cu/ZnO/Al,03. The open symbols show MeOH conversion and the solid symbols
show CO selectivity.

The structures of the catalysts after reduction with hydrogen at
250°C for 1 h were evaluated by transmission electron microscopy
(TEM) and high-angle annular dark field imaging in scanning TEM
(HAADF/STEM) with energy dispersed X-ray spectroscopic (EDS)
analysis using an FEI Tecnai G2 F20 Twin with an EDX detecting
unit (EDAX Inc.) at the acceleration voltage of 200 kV. The EDS anal-
ysis was qualitative because the sample was unstable under the
electron beam and the data sampling period was limited.

Powder X-ray diffraction (XRD) patterns of the catalysts were
recorded in air at room temperature with an MAC Science MP6XCE
diffractometer using nickel-filtered Cu Ko radiation.

X-ray photoelectron spectra (XPS) were recorded at room tem-
perature with aJEOL]JPS-9010MX spectrometer (Al Ka ). The sample
reduced with hydrogen at 250°C for 1 h was mounted to a sam-
ple holder under Ar atmosphere and measured without air contact.
After the reaction the catalyst sample was taken out from the reac-
tor after cooling under an argon stream for 12h or longer and
mounted in air to a sample holder. Since the sample was gradu-
ally oxidized in air, argon spattering (400 V, 7 mA) was carried out
for 5s to remove oxygen adsorbed on the surface. Binding energies
were corrected by the reference of the C 1 sline at 284.6 eV. The sur-
face atomic concentrations of Cu, Zn, Zr, and O were calculated from
the peak areas using the average matrix relative sensitivity factors
(AMRSFs) of Cu 2p3y; (32), Zn 2p3; (39), Zr 3d (5.5),and O 15 (3.4).
Since the peak intensity relates to the electron inelastic mean free
path of electron for the surface substance, the surface concentra-
tions were corrected using the values of 2.3nm (Cu) and 2.7 nm
(ZnO and ZrO,) [16]. The AMRSFs were determined by measuring
standard materials of Cu, Zn, and Zr metal plates and an alumina
plate. The uncertainty of AMRSFs is less than 2% [16].

The BET surface areas of the catalysts were determined from the
isotherms of nitrogen physisorption.

3. Results
3.1. Steam reforming of methanol

Steam reforming of methanol to hydrogen and carbon dioxide
was carried out over 50%Cu/Zn0 at 250 °C after pre-reduction with
hydrogen at the same temperature. The methanol conversion with
50%Cu/Zn0 was almost stable at 23-24%, and that with a commer-
cial Cu/ZnO/Al, 03 catalyst gradually decreased from 39% to 33% for
8 h (Fig. 1). Carbon monoxide was by-produced slightly. Addition
of zirconium oxide to Cu/ZnO resulted in increase in the catalytic
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Fig. 2. Catalytic activity of the copper catalysts in methanol steam reforming at
400°C. Circle symbols, 50%Cu/Zn0O; square, 40%Cu/ZnO/ZrO,. The open symbols
show MeOH conversion and the solid symbols show CO selectivity.

activity despite the decrease in the Cu content. The conversion with
40%Cu/Zn0/Zr0O, was 31-32%. The activity was comparable to that
with Cu/ZnO/Al; 03 and the CO selectivity was discernibly smaller.

In order to evaluate the stability of the catalysts at a high tem-
perature, steam reforming of methanol was carried out at 400°C.
The activity of 50%Cu/ZnO decreased steeply with an increase in the
time period of the reaction, and the CO selectivity also decreased
(Fig. 2). The activity of 40%Cu/Zn0O/ZrO, decreased with the time-
on-stream, but the deactivation was gradual in comparison with
that observed with 50%Cu/ZnO. The initial activity of the 4th run
was almost the same as that of the initial activity of 50%Cu/ZnO,
but the final activity was significantly higher than that of the latter.
The catalytic activity at the initial stage of the repeated run often
increased from the final activity of the previous run. As discussed
in the previous paper, the partial restoration of the activity may be
due to the change in the surface condition of the catalyst by the
pretreatment at 500 °C before the run [12].

3.2. TPR of the Cu catalysts

The reduction of 50%Cu/Zn0O started at ca. 110°C in the TPR
experiment (Fig. 3a). The profile showed presence of a couple of
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Fig. 3. Profiles of TPR for the copper catalysts with the heating rate of 200°Ch-".
(a) 50%Cu/Zn0 and (b) 40%Cu/Zn0O/ZrO,.

Table 1
The amounts of hydrogen consumption in the TPR experiment.

H, consumption, mmol g~ (Temperature, °C)

50%Cu/Zn0 40%Cu/Zn0/Zr0,
Peak 1 0.5 (146) 0.5 (147)
Peak 2 2.5(167) 1.9 (168)
Peak 3 4.2(194) 3.2(192)

peaks and it was deconvoluted into three Gaussian peaks at 146,
167,and 194 °C(Table 1). The molar amount of hydrogen consump-
tion (7.2 mmol g~!) mostly corresponded with the Cu content in the
catalyst (7.9 mmol g~1), suggesting that the reduction of CuO par-
ticles is nearly completed with the hydrogen consumption for the
three peaks. The TPR profile of the 40%Cu/Zn0O/ZrO, was similar to
that of 50%Cu/ZnO (Fig. 3b). The amount of hydrogen consumption
was 5.6 mmol g~!, whereas the Cu content was 6.3 mmol g~

In a TPR experiment, 50%Cu/ZnO was reduced up to 170°C
and quenched under an argon stream. The H, consumption was
3.0mmolg~'. When 40%Cu/Zn0/ZrO, was reduced up to 170°C,
the H, consumption was 2.4 mmolg~1.

3.3. Surface oxidation of the Cu catalysts with N;O

The quantities of copper on the surface of 50%Cu/ZnO and
40%Cu/Zn0O/ZrO, reduced with hydrogen at 250°C for 1h were
evaluated by the surface oxidation with N,O. The amount of N,O
decomposed on 50%Cu/ZnO was 0.075mmolg-!. On the basis
of the stoichiometry, 2Cu+N,0 — Cu;0+N, [15], the Cu surface
area was calculated as 6.2m2g-! where the Cu site density of
0.0243 mmol m~2 was assumed. The assumption is commonly used
by researchers for measuring the Cu surface area of supported
samples [11]. In the case of 40%Cu/Zn0O/ZrO,, the amount of N,O
decomposed was 0.087 mmolg~!, i.e., the Cu surface area was
72m2g 1.

3.4. TEM and HAADF/STEM analyses of the Cu catalysts

The HAADF/STEM image of 50%Cu/Zn0 reduced with hydrogen
at 250°C for 1 h showed aggregation of particles. Grains whose size
was mainly 20-40 nm were observed in the TEM image (Fig. 4a). The
Cu particles were not clearly distinguished from ZnO particles in
the HAADF/STEM image (Fig. 4b), where the intensity of the image
is related to the square of the atomic number (Z2) of the atoms
responsible for the scattering. The EDS analysis (Fig. 4c) showed
that the grains at points 2 and 3 were mainly comprised of Cu. On
the other hand, Zn was mainly present at points 1 and 4.

The particles in 40%Cu/ZnO/ZrO, were also aggregated,
but the appearance was significantly different from that for
50%Cu/Zn0. There were two different structures in an aggregate of
40%Cu/Zn0/Zr0, as shown in Figs. 5 and 6. Agglomeration of small
grains with the size of ca. 5nm or below was observed with the
grains whose size were 10-20 nm (see Fig. 5). The domains were
scattered on the surface of the aggregate. Zirconium was detected
in parts of the small grains (points 1 and 4) along with Cu and Zn,
while Cu and Zn were mainly present in parts of the large grains
(points 2, 3, and 5). The agglomeration of small ZrO, particles was
also observed with other Cu/ZnO/ZrO, samples [12]. In the major
part of the aggregate, grains with the size of 10-20 nm were mainly
present with the small grains which are probably attributed to ZrO,
(see Fig. 6). At the points 1-5, Cu and Zn were present, and Zr was
slightly detected at the points 3-5.

3.5. XRD of the Cu catalysts

Peaks at 35.5°, 38.8°, and 48.7° in 26 attributed to CuO were
recorded with peaks attributed to ZnO in the XRD pattern for
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Fig. 4. TEM and HAADF/STEM images and EDS analysis of 50%Cu/ZnO reduced with hydrogen at 250°C for 1 h. (a) TEM image, (b) HAADF/STEM image, and (c) EDS spectra

on points 1-5.

50%Cu/Zn0 as prepared (Fig. 7a) [17]. The mean crystallite size
of CuO was calculated as 21 nm from the line broadening at 38.8°
using Scherrer equation [18], assuming overlapping of two equiva-
lent peaks [CuO(—11 1)and CuO(1 1 1)] with the separation of 0.21°
[17]. The mean crystallite size of ZnO was 25 nm from the peak at
31.8°.

Peaks at 43.4° and 50.5° being assigned to Cu(111)and Cu(200)
[17], respectively, appeared with the peaks for CuO in the XRD pat-
tern of 50%Cu/ZnO reduced up to 170°C in the TPR (Fig. 7b). The
mean crystallite size of Cu was 21 nm from the line broadening of
Cu(111) and the size of CuO was 19 nm. The peaks for CuO were
completely diminished by the reduction with hydrogen at 250°C
for 1 h and the crystallite size of Cu was 21 nm (Fig. 7c).

No significant peaks attributed to ZrO, were recorded in the XRD
pattern for 40%Cu/Zn0O/ZrO, as prepared (Fig. 8a). The mean crys-
tallite sizes of CuO and ZnO were both 14 nm. The peaks attributed
to metallic Cu appeared with the peaks for CuO in the pattern of the
sample reduced up to 170°C in the TPR (Fig. 8b). The mean crys-
tallite size of Cu was 14nm and the size of CuO was 17 nm. The
peaks for CuO were completely diminished by the reduction with
hydrogen at 250°C for 1 h and the crystallite size of Cu was 14 nm
(Fig. 8c). As can be seen in Fig. 5, there were small ZrO, particles
with the size of 5nm or below in the sample, but the intensity of
the peak at ca. 30° attributed to ZrO, was very weak [17]. Thus,
the small ZrO, particles were amorphous and undetectable by XRD
[12].

The peaks attributed to Cu metal were recorded in the XRD
pattern of a different aliquot of 50%Cu/Zn0 taken out from the reac-
tor after the reforming at 400°C for 0.5 h (not shown). No peaks
attributed to CuO were observed. The mean crystallite size of Cu
was calculated as 28 nm and that of ZnO was also 28 nm. The size
of Cu after the run for 7 h was 26 nm. The mean crystallite sizes for
the catalysts were summarized in Table 2.

A small peak attributed to tetragonal ZrO, appeared at 30.5°
in the pattern for 40%Cu/Zn0O/ZrO, after the reaction at 400 °C for
0.5 h (Fig. 9a), and the peak was gradually intensified with the time
period of the reaction (Fig. 9b and c). The crystallite size of Cu
for 40%Cu/Zn0O/Zr0O, after the 1st run was 20 nm and significantly

Table 2
Mean crystallite sizes of the catalysts after the reaction at 400°C. The sizes were
determined from the XRD peaks of Cu(1 1 1),Zn(100), and ZrO»(1 1 1).

Catalyst Time-on-stream, h Mean crystallite size, nm
Cu Zn0 Zr0,
50%Cu/ZnO Reduced? 21 21 -
50%Cu/ZnO 0.5 28 28 -
50%Cu/ZnO 7 26 28 -
40%Cu/Zn0/Zr0O, Reduced? 14 14 6
40%Cu/Zn0|Zr0O, 0.5 20 14 9
40%Cu/Zn0O|Zr0O, 7 21 16 10
40%Cu/Zn0/Zr0O, 7x4 24 28 10

2 Just after reduction with hydrogen at 250°C for 1 h.
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Fig. 5. TEM and HAADF/STEM images and EDS analysis of 40%Cu/ZnO/ZrO, reduced with hydrogen at 250°C for 1 h. (a) TEM image, (b) HAADF/STEM image, and (c) EDS

spectra on points 1-5.

smaller than that for 50%Cu/ZnO. The size increased to 24 nm after
the 4th run. The size of ZnO increased significantly from 14 nm after
the reaction for 0.5 h to 28 nm after the 4th run.

3.6. XPS of the Cu catalysts

The surface of the copper catalyst was characterized by XPS. The
binding energy of Cu 2p3), was 932.2eV for 50%Cu/Zn0 reduced
with hydrogen at 250 °Cfor 1 h, and the energy for 40%Cu/Zn0/ZrO,
was 932.4eV (Fig. 10). Since the binding energies were close to
those for Cu metal (932.67 eV) and Cu,0 (932.4eV) [19], the Auger
line of Cu L3VV was recorded to identify the oxidation state. The
kinetic energies for 50%Cu/Zn0O and 40%Cu/Zn0O/ZrO, were 919.0
and 918.8 eV, respectively (Fig. 11), whereas the energies for Cu
metal and Cu,0 are 918.65 and 916.8 eV, respectively [19]. The

Table 3

o values (Auger parameter + photon energy) for 50%Cu/ZnO and
40%Cu/Zn0[ZrO, were both 1851.2 eV, showing that the surface
species are metallic; the value for metallic Cuis 1851.3eV[19]. The
binding energies of Zn 2p3), for 50%Cu/Zn0 and 40%Cu/Zn0/Zr0,
were both 1021.8 eV. The kinetic energies of Zn L3My5My5 were
both 988.4 eV (« value, 2010.2 eV), whereas the « value for ZnO is
2009.8 eV [19]. The binding energies of O 1s were both 530.5eV
and the energy of Zr 3ds;, for 40%Cu/Zn0/ZrO; was 182.1eV.

The surface atomic concentrations of Cu for 50%Cu/ZnO taken
out after the reaction at 400°C for 0.5 and 7h were 14% and
16%, respectively (Table 3). The surface concentrations of Cu for
40%Cu/Zn0/Zr0, after the reactions at 400°C were smaller than
those of 50%Cu/Zn0. The concentration of Zn2* decreased sig-
nificantly after the 4th run and that of Zr** increased reversely.
The binding energy of Cu 2p3;; was 932.2-932.6eV regardless

Surface atomic concentrations determined by XPS and BET surface areas of the catalysts after the reaction at 400°C.

Catalyst Time-on-stream, h Surface atomic concentration, % BET surface area, m? g! Cu surface quantity,” mmol g~!
Cu Zn?* Zr#
50%Cu/Zn0O Reduced? 18 24 0 26 0.16
50%Cu/Zn0O 0.5 14 27 0 17 0.08
50%Cu/Zn0O 7 16 19 0 14 0.07
40%Cu/Zn0/Zr0, Reduced? 10 15 13 60 0.21
40%Cu/Zn0/Zr0, 0.5 10 17 14 31 0.11
40%Cu/Zn0/Zr0O, 7 12 16 13 27 0.12
40%Cu/Zn0|ZrO, 7x4 12 11 17 28 0.12

a Just after reduction with hydrogen at 250°C for 1 h.

b The quantity was calculated from the surface atomic concentrations and BET surface area.
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Fig. 6. TEM and HAADF/STEM images and EDS analysis of a different portion in the same aggregate of 40%Cu/ZnO/ZrO, shown in Fig. 5. (a) TEM image, (b) HAADF/STEM

image, and (c) EDS spectra on points 1-5.
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Fig. 7. XRD patterns of the 50%Cu/ZnO0. (a) As prepared, (b) reduced up to 170°C in

TPR, and (c¢) reduced with hydrogen at 250°C for 1 h.
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Fig. 8. XRD patterns of the 40%Cu/ZnO/ZrO,. (a) As prepared, (b) reduced up to
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Fig. 9. XRD patterns of 40%Cu/ZnO/ZrO, after the reaction at 400°C. (a) After 0.5
h-on-stream, (b) after 7 h-on-stream, and (c) after the 4th run.

of the samples. The kinetic energy of Cu L3VV (Auger line)
was 918.5-919.1eV and the « value (Auger parameter + photon
energy) was 1851.1-1851.4eV, showing copper on the surface
was reduced to metal by the sputtering. The binding energies
were 1021.7-1021.8 eV for Zn 2p3,, and 530.2-530.6eV for O 1s
regardless of the samples. The binding energies of Zr 3ds), for
40%Cu/Zn0O/Zr0, after the reactions were 182.2-182.4eV.

3.7. BET surface area of the Cu catalysts

The BET surface area of 50%Cu/ZnO was 26 m2g-! after the
reduction with hydrogen at 250°C and that for 40%Cu/ZnO/ZrO,
was 60m? g~! (see Table 3). After the reaction at 400°C for 0.5h,
the surface area for 50%Cu/Zn0O was 17m?2g-! and it decreased

Cu 2pg;,

(b) 40%Cu/Zn0O/ZrO,

Intensity / arbitrary unit

(a) 50%Cu/znO

| ! | ! | ! |
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Binding energy / eV

Fig. 10. XPS of Cu 2p region for the Cu catalysts reduced with hydrogen at 250°C
for 1 h. (a) 50%Cu/Zn0 and (b) 40%Cu/Zn0O/Zr0O,.
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Fig. 11. Auger line of Cu L3VV for the Cu catalysts reduced with hydrogen at 250°C
for 1 h. (a) 50%Cu/Zn0 and (b) 40%Cu/Zn0O/Zr0,.

to 14m2g~! after 7 h-on-stream. On the other hand, the areas for
40%Cu/Zn0/Zr0, in the reaction at 400 °C were 27-31m2g-1.

4. Discussion
4.1. Morphology of the Cu catalysts

The addition of zirconium oxide to Cu/ZnO significantly
increases the surface area and it is generally observed by other
researchers [9-11]. While the presence of small ZrO, particles
should contribute to the greater surface area, the sizes of Cu and
ZnO are decreased in the presence of zirconium oxide as evidenced
by the TEM images (see Figs. 4-6) and XRD (see Table 2). Hence,
the addition of zirconium oxide results in the higher dispersion of
Cu and ZnO particles and it also contributes to the greater surface
area [12].

Since the BET surface area of 50%Cu/Zn0 is 26 m2 g~! and the Cu
surface area determined by the N,O adsorption is 6.2m2 g1, the
actual surface area of ZnO will be 20m?2 g~!. Assuming that all the
ZnO particles are spherical and the whole surface is exposed, the
particle size is calculated as 26 nm from the area. Since the particle
size observed by TEM is mainly 20-40 nm and the mean crystal-
lite size of ZnO is 21 nm, which is often close to the mean particle
size [20,21], it is estimated that most of the ZnO particle surface is
exposed; the surface area of ZnO is calculated as 25m? g~! when
the particle size is 21 nm. On the other hand, the size of Cu particles
is calculated as 54 nm from the Cu surface area, assuming that the
whole surface is exposed. However, the particles seen in TEM are
mostly smaller than the size and the mean crystallite size of Cu is
21 nm. If the Cu particles are spherical with a diameter of 21 nm,
the surface area of the particles will be 16 m2 g~!. This suggests
that a significant part of the Cu surface is covered with other par-
ticles. Kasatkin et al. evidenced surface adhesion of Cu particles on
the surface of zinc oxide by the TEM measurement [22,23]. Fig. 4
also shows that Cu and ZnO particles in 50%Cu/Zn0O are mixed and
have the surface contact. Hence, it is estimated that Cu particles
interacts strongly with ZnO particles. On the basis of the Cu sur-
face area for 40%Cu/Zn0O/Zr0O,, the Cu particle size is calculated as
37 nm. The size is significantly larger than the Cu crystallite size of
14 nm, and the particle size seen in the TEM is mostly 20 nm or less.
This suggests that the surface of Cu particles in 40%Cu/ZnO/ZrO, is
also considerably covered with ZnO and/or ZrO, particles.
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A couple of TPR peaks often appear with ZnO and/or
ZrO,-supported copper catalysts which are prepared by the copre-
cipitation method [10,11,24-26]. In general the peak position
depends on the size of CuO particles and the small particles
are usually reduced at a low temperature [27,28]. However, the
peak positions for 50%Cu/ZnO are almost the same as those for
40%Cu/Zn0/Zr0, (see Fig. 3 and Table 1) although the Cu parti-
cle size for 50%Cu/Zn0 is significantly larger than that of the latter.
In addition, no significant difference in the mean crystallite size
of Cu is observed between the samples after the reduction up to
170°C and 250°C, showing that the reduction temperature does
not depend obviously on the particle size. It is known that the
reduction temperature of CuO decreases in the presence of a small
amount of ZnO, but the temperature does not change significantly
with increasing the ZnO content [24]. Kurr et al. reported absence
of the high temperature peak in the TPR of Cu/ZnO/Al,O3 when
the Cu surface area determined by N,O absorption was close to
that calculated from the XRD line broadening [29]. This suggests
that the CuO particles whose surface is mostly exposed are easily
reduced. Hence, it is probable that the high temperature peak is
due to the reduction of the CuO particles whose surface is greatly
covered with other oxide particles. It is supposed that these CuO
particles are mainly encapsulated in the aggregation. Giinter et al.
reported the formation of Cu,0 at the initial stage of the TPR for
Cu/ZnO [30], suggesting that the reduction at low temperature is
partly due to the partial reduction of the exposed CuO particles to
Cu,O0.

4.2. Activity of the Cu catalysts in the reaction at 250°C

It was reported that the turnover frequency (TOF) of Cu/ZnO to
the methanol steam reforming at 220 °C does not depend simply on
the Cu surface area [31]. It is discussed that the structural disorder
of Cu particles increases the activity to methanol steam reforming
[30,32]. Since the disorder is due to the surface interaction between
Cu and ZnO particles, the particle sizes and the geometry should
affect the activity. In the case of 40%Cu/Zn0O/Zr0,, the surface struc-
ture is inhomogeneous as shown in Figs. 5 and 6. However, Cu is
usually detected with Zn in the EDS analysis, suggesting that most
of Cu particles are in contact with ZnO particles while the inter-
action with ZrO, particles cannot be excluded. Since the ZrO,-rich
domains are partly present on the surface of the aggregate, it is
supposed that excessive zirconium oxide forms the domains and
the major part of Cu and ZnO particles forms the structure shown
in Fig. 6 where the population of ZrO, is small.

In the case of 50%Cu/ZnO, the TOF at 250°C is calculated as
0.66s~! from the initial methanol conversion and the surface quan-
tity of copper atoms determined by the N, O adsorption. The TOF for
40%Cu/Zn0/Zr0, is 0.76 s~ 1, showing that the addition of ZrO, does
not greatly improve the activity of Cu surface. Since the methanol
conversion below ca. 30% is approximately in proportion to W/F
(contact time) [33], at least one significant figure of the TOF is reli-
able. Agrell et al. reported that the TOFs of 38 wt.% Cu/ZnO and
27 wt.% Cu/46 wt.% Zn0/32 wt.% ZrO, are 0.10and 0.21 s~ at 250 °C,
respectively, where the Cu surface areas are 20.8 and 15.5m2g!,
respectively [10]. The TOFs are significantly lower than ours even
if taking into consideration of the difference in the reaction condi-
tions, e.g., their high F/W of 276 dm? g1 and low methanol feed of
23dm3 g-!. In general, the higher F/W produces the higher TOF
because the methanol conversion is gradually saturated with a
decrease in F/W. On the other hand, the lower methanol feed results
in the reduction of the TOF. In the present study, the methanol feed
is 36 dm3 g~1. If the TOF is in proportion to the methanol feed, the
TOFs for Cu/ZnO and Cu/ZnO/ZrO, reported by Agrell et al. will be
0.16 and 0.33 s, respectively, at the feed of 36dm3g~!. On the
basis of the XRD pattern after the reaction in Ref. [10], we deter-

mined that the crystallite size of Cu metal for the 38 wt.% Cu/ZnO
catalystis ca. 10 nm. Assuming that all the Cu particles are spherical
with a diameter of 10 nm, the surface area of the particles is calcu-
lated as 26 m2g~! from the crystallite size. Since the Cu surface
area is 20.8 m2 g1, it is estimated that most of the Cu particles are
exposed. In the case of 50%Cu/Zn0, the Cu surface areais 6.2 m? g~!
and considerably smaller than the area of 16 m? g~ calculated from
the crystallite size, suggesting that the surface of Cu particles is sig-
nificantly covered with other particles in comparison with the Cu
particles in 38 wt.% Cu/ZnO.

The TPR profile for 38 wt.% Cu/ZnO in Ref. [10] has three peaks
and the 2nd peak at ca. 190°C is significantly larger than the 3rd
peak at ca. 200 °C. This is in harmony with the discussion that most
of the Cu particles are exposed in 38 wt.% Cu/ZnO, if our assignment
of the TPR peaks is taken into account. Hence, it is estimated that the
surface contact between Cu and ZnO particles is small and the inter-
action between Cu and ZnO particles in the 38-wt.% Cu/ZnO catalyst
is weak in comparison with 50%Cu/ZnO; this agrees with the dis-
cussion by Giinter et al. that the high surface activity is caused by
the structural disorder of Cu particles which may be due to the
microstrain originating from the Cu/ZnO interface [30,32]. In the
case of 27 wt.% Cu/46 wt.% ZnO/32 wt.% ZrO, the 2nd TPR peak is
larger than the 3rd peak, but the size of the 2nd peak is significantly
smaller than that for 38 wt.% Cu/ZnO [10]. The TPR result suggests
that the surface contact between Cu particles and ZnO and/or ZrO,
particles for the former catalyst is larger and this accounts for the
higher TOF due to the strong interaction with ZnO and/or ZrO, par-
ticles; no information on the Cu particle size was given for this
ternary catalyst [10].

It is reported that Cu® species are often formed in copper
supported on zirconium oxide [34,35]. Szizybalski showed the
presence of Cu-O interaction in Cu/ZrO, reduced with hydrogen
at 250°C [14]. However, there are no significant differences in
the energies of Cu 2psj; and Cu L3VV between 50%Cu/ZnO and
40%Cu/Zn0/Zr0, reduced at 250°C (see Figs. 10 and 11) and the
surface Cu species are metallic, showing that the presence of zirco-
nium oxide does not affect the oxidation state of the Cu surface
on 40%Cu/Zn0O/ZrO, obviously. It is considered that the interac-
tion between Cu and ZrO,, particles is weak in 40%Cu/Zn0O/ZrO, and
the interaction with ZnO particles is rather important. The partial
agglomeration of ZrO, particles in the catalyst (see Fig. 5) shows
that a significant part of ZrO, particles is not in contact with Cu
particles. Thus, the higher TOF of 40%Cu/Zn0O/Zr0O, is estimated to
be mainly due to the strong contact between Cu and ZnO particles.

4.3. Deactivation of the Cu catalysts during the reaction at 400°C

The crystallite sizes of Cu and ZnO for 50%Cu/ZnO after the
reaction at 400°C for 0.5 h are significantly larger than those after
the reduction at 250°C (see Table 2), showing that the reaction
at 400°C immediately causes sintering of the catalyst despite the
calcination at 500 °C for 12 h in the catalyst preparation. In general,
thermally induced deactivation is caused by loss of catalytic surface
area and/or chemical transformations of catalytic phases to non-
catalytic phases; therefore, determination of Cu surface quantity
during the reaction is important in elucidation of the deactivation
process [36].

The Cu surface quantity is usually determined by the surface
oxidation with N0, but we estimated the quantity of the catalyst
after the reaction at 400°C from the surface atomic concentra-
tions and the BET surface area (see Table 3) due to the quantitative
limitation of the catalysts recovered from the reactor [12]. The
Cu surface quantity is calculated using the atomic site densities
that are assumed as 0.032 mmol m~2 (Cu), 0.077 mmol m~2 (Zn2*),
0.070 mmol m~2 (Zr#*), and 0.030 mmol m~2 (02-) on the basis of
the atomic/ionic radii. The Cu surface quantities of 50%Cu/ZnO and
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40%Cu/Zn0/Zr0O, reduced with hydrogen at 250°C can be calcu-
lated as0.16and 0.21 mmol g~ !, respectively (see Table 3). Since the
surface concentration obtained by XPS is the average of surface few
layers and not that of the outermost layer, the Cu surface quantity
calculated may contain the systematic error. However, the surface
concentration should mainly depend on the condition of the out-
ermost layer; thus, the Cu surface quantity calculated can be used
at least for the comparison purpose within the similar system. The
quantities evaluated by the oxidation with N,O are 0.15 mmol g~!
and 0.17 mmol g~1, respectively, showing that the evaluation from
XPS and BET is fairly reliable in the present system.

The Cu surface quantity of 50%Cu/Zn0O, after the reaction at
400°C for 0.5h is determined as 0.08 mmolg~!, showing consid-
erable reduction of the Cu surface quantity in comparison with the
sample reduced with hydrogen at 250 °C (see Table 3). This is sup-
ported by the increase in the Cu particle size and decrease in the
BET surface area (see Tables 2 and 3). Despite the steep decrease in
the activity of 50%Cu/ZnO, the Cu surface quantity is almost stable
during the reaction for 7 h. No significant change in the crystallite
sizes of Cu and ZnO shows that the deactivation is not due to sinter-
ing (see Table 2). The change in the surface atomic concentration
and decrease in the BET surface area during the reaction indicate
the change in the surface structure. The stable Cu surface quantity
suggests that the deactivation is mainly due to decrease in the sur-
face activity of Cu particles. It is hypothesized that the microstrain
originating from the Cu/ZnO interface is reduced by the structural
change of the particles at the reaction temperature as high as 400 °C
[30,32].

The Cu surface quantity for Cu/Zn0O/ZrO, is also stable dur-
ing the reaction at 400°C (see Table 3), showing the decrease in
the surface activity of Cu particles. The crystallite size of ZnO for
40%Cu/Zn0/Zr0, after the reaction at 400 °C for 0.5 h is the same as
that just after the reduction at 250 °C while the size for 50%Cu/ZnO
significant increases (see Table 2). It is considered that no signif-
icant sintering of the ZnO particles occurs in the initial stage of
the reaction at 400 °C because of the presence of ZrO, particles.
Small particles probably attributed to amorphous ZrO, are present
with the grains attributed to Cu and ZnO (see Fig. 6). Hence, it
is supposed that the small ZrO, particles hamper the sintering
of Cu and ZnO particles. However, the increase in the crystallite
sizes of Cu and ZnO after the 4th run evidences the gradual sin-
tering of the particles during the reaction. As shown in Fig. 9, the
XRD peak at 30.5° attributed to ZrO, gradually intensified with the
time-on-stream without significant increase in the crystallite size
(see Table 2), suggesting that the amorphous ZrO, particles unde-
tectable by XRD crystallize gradually to XRD detectable particles
(tetragonal ZrO,) whose crystallite size is ca. 10 nm. The increase
in the surface atomic concentration of Zr** implies disappearance
of the ZrO, particles in the interface of Cu and ZnO particles (see
Table 3). The crystallization is promoted in the reaction atmosphere
because there is no apparent crystallization during the catalyst
preparation in air at 500 °C for 12 h (see Fig. 8a).

The CO selectivity with 40%Cu/Zn0O/ZrO, in Fig. 2 is higher than
that of 50%Cu/Zn0. At the conversion of 80%, the selectivities of
40%Cu/Zn0/Zr0, and 50%Cu/Zn0 are 3.7% and 2.5%, respectively.
In the case of 30wt.% Cu/ZrO, prepared by the coprecipitation
method, the activity at 400°C steeply decreases together with
the crystallization of the ZrO, particles, while the CO selectivity
increases considerably [12]. It is known that the CO selectivity
produced with Cu/ZrO, increases with the crystallization of amor-
phous ZrO; to tetragonal phase [13]. Hence, the increase in the CO
selectivity may be due to the ZrO, crystallization. On the contrary,
the CO selectivity decreases gradually in the deactivation process
of 40%Cu/Zn0/Zr0; (see Fig. 2), implying that the crystallization of
Zr0, does not affect the CO selectivity. Thus, it is considered that
zirconium oxide does not directly contribute to the reaction as dis-

cussed in the previous section. Matter and Ozkan reported the shift
of the binding energy for Zr 3ds, after various pretreatments of
Cu/Zn0/ZrO, [37]. Some surface species such as hydroxyl and for-
mate groups can be formed on zirconium oxide in Cu/ZrO, [38],
and this may affect the binding energy of Zr 3ds,. However, no sig-
nificant difference in the energy can be observed with the samples
of 40%Cu/Zn0/Zr0,, suggesting that the surface condition of ZrO,
does not change significantly during the reaction at 400 °C. Hence,
the deactivation mechanism of Cu/ZnO/ZrO, is rather close to that
of Cu/ZnO while the smaller Cu particle size may retain the micros-
train [32]. The gradual decrease in the activity of Cu/ZnO/ZrO, is
probably due to the structural change in the Cu and ZnO particles
accompanied with the crystallization of ZrO, particles. It should
be noted that the crystallite size of Cu increases to 24 nm after the
4th run despite no significant change in the Cu surface quantity
(see Tables 2 and 3). This suggests decrease in the surface contact
between Cu particles and ZnO and/or ZrO, particles. The increase
in the crystallite size of ZnO during the reaction may cause the
decrease in the surface contact while the presence of ZrO, parti-
cles mitigates the deactivation process. It is considered that the
structural stabilization of the ZrO, particles is important for the
prevention of the further deactivation in the high temperature reac-
tion.

5. Conclusions

The catalytic activity of Cu/ZnO/ZrO, is comparable to a com-
mercial Cu/ZnO/Al;03 in the methanol steam reforming at 250°C.
The addition of zirconium oxide to Cu/ZnO results in the higher
dispersion of Cu and ZnO particles in the catalyst. After the reduc-
tion with hydrogen at 250 °C for 1 h, most of the ZrO, particles are
amorphous and as small as 5 nm or below. Partial agglomeration of
the small ZrO, particles can be found on the surface of the catalyst,
but the major part is comprised of the mixture of the Cu and ZnO
particles and the small ZrO, particles. The activity of Cu surface
for Cu/Zn0O/ZrO, is not significantly higher than that for Cu/ZnO.
The presence of zirconium oxide does not directly affect the sur-
face activity and it is estimated that the surface contact between
Cu and ZnO particles mostly affects the high surface activity. The
activity of Cu/ZnO decreases in the reaction at 400 °C, and the pres-
ence of zirconium oxide mitigates the deactivation of Cu/ZnO. No
significant decrease in the Cu surface quantity can be detected, sug-
gesting that the deactivation is mainly caused by the decrease in
the surface activity in the initial stage of the reaction. The presence
of the amorphous ZrO, particles in the aggregation of Cu and ZnO
particles stabilizes the structure, and it will hamper the deactiva-
tion of Cu/ZnO caused by the decrease in the surface interaction.
However, the amorphous ZrO, particles are gradually crystallized
to the larger particles during the reaction at 400°C and the parti-
cle sizes of Cu and ZnO are simultaneously increased. Hence, the
further investigation is necessary to stabilize the structure at the
high temperature, but Cu/Zn0O/Zr0O, is promising as a fundamental
catalyst for the high temperature methanol steam reforming.
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