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bstract

Ternary Cu/ZnO/Al2O3 catalysts have been prepared by homogeneous precipitation (hp) using urea hydrolysis and tested for the water-gas shift
eaction. The Cu/Zn ratio was fixed at 1/1, and the effects of the Al addition on the precipitation procedure, the precursor structure and the catalytic
ctivity have been studied.

The precipitation proceeded stepwise; Cu(II) nitrate was first hydrolyzed, followed by the hydrolysis of Zn(II) nitrate, but the final compounds
onsist mainly of aurichalcite. It is likely that amorophous Cu(OH)2 formed first was converted to aurichalcite via a dissolution-reprecipitation
echanism assisted by Zn(II). A significant leaching of Cu took place with increasing Al content during the precipitation at 90 ◦C. The Cu leaching
as effectively suppressed by lowering the temperature to 80 ◦C, but resulting in a slight decrease in the catalytic activity. In the hp-catalyst
recursors, aurichalcite was always observed as the main component, whereas hydrotalcite and malachite appeared with increasing Al component.
he catalytic activity increased by the addition of 5 mol% of Al and decreased with further addition of Al. The activity apparently depended on
he Cu metal surface area on the catalyst, but the turn over frequency calculated based on the surface Cu metal significantly varied depending on
he Al content. Moreover, the intensity of the reduction peak around 225 ◦C assigned to Cu2+ → Cu+ in the TPR well correlated with the catalytic
ctivity. It is suggested that Cu/Zn bimetallic aurichalcite has an important role as the catalyst precursor and the reduction–oxidation between Cu+

nd Cu0 plays in the catalytic mechanism of the shift reaction.
2007 Published by Elsevier B.V.
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. Introduction

The water-gas shift reaction is mostly used in the produc-
ion of hydrogen via the steam reforming of hydrocarbons and
s of importance for future energy technologies such as fuel
ells. Polymer electrolyte fuel cells (PEFC) have been exten-
ively studied due to their attractive properties, such as high
ower density, low emissions of NOx, dust, noise, etc., low

emperature operation and compactness [1,2]. In this system,
ydrogen is used as a fuel; it is supplied from steam reform-
ng of hydrocarbons such as methane, propane and kerosene.

∗ Corresponding author. Tel.: +81 82 424 6488: fax: +81 82 424 6488.
E-mail address: takehira@hiroshima-u.ac.jp (K. Takehira).
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eous precipitation; Cu+ active species

he problem is that the reformed gas contains CO at the level
f 1–10% which adsorbs irreversibly on the Pt electrode of the
EFC at the operating temperature (ca. 80 ◦C) and hinders the
lectrochemical reaction [3,4]. Therefore, CO must be removed
rom the reformed gases to less than 10–20 ppm before feeding
he gas mixture to the Pt electrode. The water-gas shift reac-
ion is desirable for removal of a large amount of CO since
t is moderately exothermic reaction (�H298 = −41.1 kJ mol−1)
nd the reaction temperature is easy to control. The equilibrium
onversion of CO is dependent largely on the reaction temper-
ture: since the shift reaction is an exothermic reaction, lower

emperature is favored for higher CO removal. On the other
and, from the viewpoint of reaction kinetics, the reactant gases
re not active enough to reach the chemical equilibrium at low
emperature.

mailto:takehira@hiroshima-u.ac.jp
dx.doi.org/10.1016/j.molcata.2007.05.040
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Ternary Cu/ZnO/Al2O3 catalysts have been widely employed
ommercially since the early 1960s in the water-gas shift reac-
ion; the catalyst was usually prepared by co-precipitation

ethod to afford the higher Cu metal dispersion in the result-
ng catalyst and, as a consequence, the higher catalytic activity
5]. Various Cu catalysts have been prepared according to vari-
us techniques and tested in the shift reaction. Co-precipitated
u/ZnO/Al2O3 catalysts were more sustainable than the impreg-
ated catalysts in the shift reaction [6]. However impregnation of
eO2 on Cu–Zn precursor before calcination was useful for sta-
ilizing the Cu/ZnO catalyst against the shift reaction [7]. High
ctivity was obtained by the formation of spinel type Cu–Al–Zn
xides giving rise to fine Cu particles deposited on the sup-
ort [8], on which oxygen assisted the shift reaction [9]. The
u–Al–Zn oxides catalyst is unstable and gave rise to the sinter-

ng of Cu at high temperature, whereas stable spinel CuAl2O4
tructure was moderately active in the shift reaction [10–12].
nterestingly, spinel CuMn2O4 and moreover nonstoichiometric
u/MnO catalysts showed high activity as well as high durability

n the shift reaction [12].
We have prepared Cu/ZnO catalysts by homogeneous pre-

ipitation (hp) using urea hydrolysis; the catalysts showed
igher activity than those prepared by co-precipitation (cp) for
ydrogen production by steam reforming of methanol [13].
he hp-catalysts were mainly derived from aurichalcite as the
recursor, and both morphology and crystallinity of the pre-
ursors revealed an important role in the catalytic activity. The
p-Cu/ZnO catalysts showed also high activity for the shift reac-
ion [14] and moreover the addition of small amount of Mg
nhanced the activity of the hp-Cu/ZnO catalysts [15]. Aurichal-
ite contains both Cu and Zn closely located each other in the
tructure and therefore affords highly dispersed Cu metal species
ossessing a good contact with ZnO particles after the calcina-
ion, followed by the reduction, resulting in the formation of
u+ proposed as the active species [14,15]. Actually ternary
u/ZnO/Al2O3 catalysts have been used in the shift reaction in

he reformer. Aurichalcite is composed of the Cu/Zn binary sys-
em and unable to contain Al component in the crystal structure.

oreover Cu2+ ions can be depleted by ammonia originating
rom urea hydrolysis during the hp-preparation [16]. In the
resent work, we have prepared hp-Cu/Zn/Al catalysts by urea
ydrolysis, and investigated on the effect of the Al component
n the precipitation procedure, on the structure of the catalyst
recursors and further on the activity for the shift reaction.

. Experimental

.1. Preparation of the catalysts

Ternary Cu/ZnO/Al2O3 catalysts were prepared by homoge-
eous precipitation using urea hydrolysis [17–19]. An excess
mount of urea was dissolved in an aqueous solution of
orresponding metal nitrates at room temperature. Typically,

ach 0.0160 mol of Cu(NO3)2·3H2O and Zn(NO3)2·6H2O,
.00356 mol of Al(NO3)3·9H2O and 0.711 mol of urea were
issolved in 500 ml of distilled water for the preparation of the
p-Cu/ZnO/Al2O3 catalyst of 10 mol% of the Al content. The
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rea was hydrolyzed by heating the mixture at 80 or 90 ◦C for
4–36 h. During the hydrolysis of urea, hydroxide ions are gen-
rated in the homogeneous solution (Eq. (1)), which hydrolysed

O(NH2)2 + H2O → 2NH4
+ + HCO3

− + OH− (1)

etal nitrates to the corresponding hydroxides and finally to the
ydroxycarbonates as the catalyst precursors. It is expected that
he higher homogeneity of the precipitate will be attained by the
p-method than by the cp-method, since there is theoretically
o gradient in the concentration of precipitants due to its in situ
ormation in the homogeneous solution in the hp-method. The
recipitates were then filtered, washed with distilled water, dried
t 80 ◦C and finally calcined at 300 ◦C for 3 h in air.

Ternary cp-Cu/ZnO/Al2O3 catalysts were prepared as refer-
nce by co-precipitation starting from metal nitrates in Na2CO3
queous solution at pH 9.0 controlled by NaOH aqueous solu-
ion.

The precursors of the hp-Cu/ZnO/Al2O3 catalysts were also
repared without stirring, i.e., under the thermal convection, at
0 ◦C during the heating of the solution. The reservoir for the pre-
ipitation was heated by immersing it in the oil bath controlled
t 90 ◦C.

.2. Characterization of the catalysts

The structure of the catalysts has been studied by using XRD,
EM, ICP, TPR, N2O decomposition and N2 adsorption meth-
ds.

Powder X-ray diffraction was recorded on a Rigaku powder
iffraction unit, RINT 2250VHF, with mono-chromatized Cu
� radiation (λ = 0.154 nm) at 40 kV and 30 mA. The diffraction
attern was identified by comparing with those included in the
CPDS (Joint Committee of Powder Diffraction Standards) data
ase.

Scanning electron microscope (SEM) measurements were
erformed with a JEOL JEM-6320F microscope by using a
oran Voyager energy dispersive X-ray spectroscopy at an

ccelerating voltage of 300 kV.
Inductively coupled plasma (ICP) optical emission spectrom-

try was used for the determination of the metal content in
ach sample synthesized above. The measurements were per-
ormed with a Seiko SPS 7700, and the sample was dissolved in
mixture of HF and HNO3 acids before the measurements.

Temperature-programmed reduction (TPR) of the catalyst
as performed at a ramping rate of 10 ◦C min−1 from ambi-

nt temperature to 500 ◦C using a mixture of 5 vol% H2/Ar as
educing gas after passing through a 13× molecular sieve trap to
emove water. A U-shaped quartz tube reactor, the inner diam-
ter of which was 6 mm, equipped with a TCD for monitoring
he H2 consumption was used. Prior to the TPR measurement,
0 mg of sample was calcined at 300 ◦C for 1.5 h in O2/Ar
10/40 ml min−1) mixed gas flow.
The copper metal surface areas were determined by the N2O
ecomposition method at 90 ◦C as reported by Evans et al. [20],
ssuming a reaction stoichiometry of two Cu atoms per oxygen
tom and a Cu surface density of 1.63 × 1019 Cu atom m−2. Prior
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Fig. 1. XRD patterns of the precursors of the hp-Cu/ZnO/Al2O3 catalysts
a
(
m

p
C
these lines became broadened and feeble, suggesting that both
CuO and ZnO particles were dispersed by the addition of Al
component. The particle size of ZnO was calculated at 4.8 and
32 I. Atake et al. / Journal of Molecular C

o the measurement, 150 mg of sample was reduced at 200 ◦C
or 0.5 h in H2/N2 (5/30 ml min−1) mixed gas flow.

N2 adsorption (−196 ◦C) study was used to obtain BET sur-
ace area of the samples after the calcination. The measurement
as carried out on a Bell-Japan Belsorp-mini. The samples were
retreated in N2 at 200 ◦C for 10 h before the measurements.

.3. Catalytic reactions and analyses of the products

The water-gas shift reaction was carried out using a fixed
ed reactor at atmospheric pressure. A U-shaped Pyrex glass
ube with inner diameter of 8 mm was used as a reactor. Typi-
ally 100 mg of catalyst, which has been pelletized and sieved to
.25–0.42 mm in diameter, was loaded into the reactor together
ith 200 mg of quartz beads. The catalyst was treated in a mixed
as flow of H2/N2 (5/30 ml min−1) at 200 ◦C for 30 min and then
urged with N2 (purity, 99.99%). The reaction was started by
ntroducing a gas mixture to the reactor; the composition was
hosen supposing the products after the steam reforming reac-
ion at 700 ◦C. Typically mixed gas flow of CO/H2O/H2/CO2/N2
0.77/2.2/4.46/0.57/30 ml min−1) was supplied for the reaction,
here N2 was used as the internal standard for the calculations of

he conversions of CO and H2O. Each gas flow was regulated by
mass-flow controller, and H2O was fed through a micro-feeder
himadzu LC 20AD. Gases and H2O were mixed in the reservoir

ocated just before the reactor and kept at desired temperature.
The products were automatically analyzed by on-line gas

hromatographs (GC). A GC with packed Porapak N column
2 m, 1/4 i.d.), He carrier gas and TCD were used to analyze N2
nd H2O. Another GC with packed Porapak Q column (3 m, 1/4
.d.) and molecular sieves 5A column (2 m, 1/4 i.d.) in a series, Ar
arrier gas and TCD were used to analyze H2, N2 and CO. CO2
nd H2O were also quantified by another GC with TCD using
packed Porapak N column (1 m, 1/4 i.d.), Porapak Q column

2 m, 1/4 i.d.) and molecular sieves 5A column (2 m, 1/4 i.d.) in
series. All the lines and valves through the water feed, the reac-

or, the exit and the gas chromatographs were heated to 150 ◦C
o prevent the condensation of water.

. Results and discussion

.1. Structure of the hp-Cu/ZnO/Al2O3 catalysts

Fig. 1A and B shows the XRD patterns of the
p-Cu/ZnO/Al2O3 catalyst precursors as synthesized by
recipitation, followed by aging, i.e., heating at 90 ◦C
nd at 80 ◦C, respectively. Three types of hydroxycar-
onates, i.e., aurichalcite (Cu,Zn)5(CO3)2(OH)6, hydrotalclie
Cu,Zn)6Al2(OH)16CO3·4H2O, and malachite Cu2(CO3)(OH)2
ere formed. In both cases at 80 and 90 ◦C, aurichalcite was
bserved as a main phase; with increasing Al content, the
eflection lines of aurichalcite were weakened, whereas those
f hydrotalcite were strengthened. The reflections of malachite

ppeared together with an unidentified reflection, and their inten-
ities were stronger at 80 ◦C than at 90 ◦C, indicating that 90 ◦C
s preferable for the selective formation of aurichalcite. After
he calcination at 300 ◦C for 3 h, all hydroxycarbonates in the

F
a
Z

s deposited by aging at 90 ◦C (A) and at 80 ◦C (B). (�) Aurichalcite
Cu,Zn)5(CO3)2(OH)16; (�) hydrotaclite (Cu,Zn)6Al2(OH)16CO3·4H2O; (©)
alachite Cu2(CO3)(OH)2; (?) not assigned.

recursors were decomposed and the reflection lines of both
uO and ZnO appeared (Fig. 2A). With increasing Al content,
ig. 2. XRD patterns of the hp-Cu/ZnO/Al2O3 catalysts after the cacination (A)
nd after the reaction (B). The catalysts were prepared by aging at 90 ◦C. (�)
nO; (�) CuO; (�) Cu metal.
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Table 1
Physico-chemical properties of hp-Cu/ZnO/Al2O3 catalysts

Catalyst (Cu/Zn/Al atomic ratio)a Cu/Zn/Al compositionb Surface (area/m2 gcat
−1)c Cu metal surface (area/m2 gcat

−1)d

hp-Cu/Zn/Al (50/50/0) 51.9/48.1/0 79.7 48.8
hp-Cu/Zn/Al (47.5/47.5/5) 48.0/47.3/4.7 69.8 52.0
hp-Cu/Zn/Al (45/45/10) 45.5/45.2/9.3 63.1 46.1
hp-Cu/Zn/Al (42.5/42.5/15) 41.1/43.8/15.1 74.4 39.8
hp-Cu/Zn/Al (40/40/20) 38.5/41.0/20.5 75.1 44.8
hp-Cu/Zn/Al (50/50/0)* 49.2/50.8/0 80.9 37.2
hp-Cu/Zn/Al (45/45/10)* 45.5/43.4/11.1 68.2 30.6
hp-Cu/Zn/Al (40/40/20)* 41.0/38.5/20.5 66.4 24.0

a Catalysts were prepared by the hp-method aged at 90 ◦C (*80 ◦C) using the raw materials of the Cu/Zn/Al metal compositions shown in the parentheses.
b Obtained by the ICP method.
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c Obtained by the N2 adsorption.
d Obtained by the N2O pulse method.

.8 nm for the Cu/Zn/Al composition (50/50/0) and (45/45/10),
espectively, whereas that of CuO was at 6.1 nm for (50/50/0).
he reflection lines were too weak to calculate the particle size

or the other samples. After the reaction at increasing reaction
emperature from 150 to 300 ◦C for 6 h, the particle size of ZnO
ncreased to 8.1, 5.8 and 4.4 nm for the Cu/Zn/Al composition
50/50/0), (45/45/10) and (40/40/20), respectively, whereas that
f Cu metal was 7.1, 6.6 and 6.7 nm for (50/50/0), (45/45/10)
nd (40/40/20), respectively. It is concluded that the Al com-
onent worked against the sintering, i.e., the crystal growth, of
nO and Cu species.

BET surface area and Cu metal surface area of the hp-
atalysts after the calcination are shown in Table 1, together with
he Cu/Zn/Al metal compositions obtained by the ICP analyses.
t 90 ◦C, BET surface area first decreased with increasing Al

ontent to 10%, and increased with further increase in the Al
ontent, whereas the Cu metal surface area first increased and
ecreased with increasing Al content. On the other hand, both
urface areas of the Cu/Zn/Al samples aged at 80 ◦C were almost
ower than those aged at 90 ◦C and decreased with increasing Al

ontent.

The results of TPR measurements of the hp-Cu/Zn/Al cat-
lysts prepared by aging at 90 ◦C are shown in Fig. 3. The

ig. 3. TPR profiles of the hp-Cu/ZnO/Al2O3 catalysts with varying Al contents.
p-Cu/ZnO/Al2O3 catalysts as reference were prepared by precipitation at pH
.0 with NaOH as the pH controller.
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atalysts were pre-reduced at 200 ◦C before the TPR measure-
ents considering the conditions for testing the catalytic activity.
he reduction peak appeared mainly at 225 ◦C together with a
eak shoulder around 201 ◦C for the samples of low Al con-

ents. By the addition of Al, the former peak was weakened
nd the shoulder disappeared, whereas new peaks appeared at
48 and 276 ◦C. Both peaks were enhanced with increasing Al
ontent. The curves obtained for cp-Cu/ZnO (50/50) and cp-
u/ZnO/Al2O3 (40/40/20) prepared by co-precipitation at pH
.0 with NaOH as the pH controller are shown in Fig. 3 as
eferences. Although the peak around 225 ◦C was observed for
he cp-Cu/ZnO (50/50), a big shoulder appeared around 250 ◦C
nd the reduction peaks appeared at the higher temperatures
ompared with hp-Cu/ZnO/Al2O3. The highest peak tempera-
ure observed for hp-Cu/ZnO/Al2O3 with the high Al contents,
76 ◦C, was lower compared to that observed above 300 ◦C for
p-Cu/ZnO/Al2O3 as reference. The peak at 225 ◦C remained
lways as the main peak irrespective of the Al content for hp-
u/ZnO/Al2O3 catalysts.

.2. Hydrolysis of Cu and Zn during the precipitation

During the precipitation at 90 ◦C, the pH of the solution rather
uickly increased from 4.0 to 8.0 within 10 h, followed by a grad-
al increase and finally reached the equilibrium value around
.5 at 24 h of aging (Fig. 4). The pH variation during the pre-
ipitation was scarcely affected by the Al content between 0
nd 20 mol%. The pH changes showed a breaking point around
H 6.0, suggesting that the precipitation proceeded in two suc-
essive steps; the first one took place within 2–3 h aging and
he second step started when pH rose to 6. It is likely that the
rst and the second correspond to the precipitations of copper
nd zinc, respectively [18]. This two-step precipitation is a con-
equence of the dissimilar hydrolytic properties of Cu(II) and
n(II), the d9 Cu2+ ion being more acidic than the d10 Zn2+

on and first hydrolyzed to form amorphous copper hydroxide
am-Cu(OH)2) [21]. Although the initial precipitation stage is

ifferent for each Cu(II) and Zn(II), the subsequent evolution of
m-Cu(OH)2 is strongly affected by the presence of Zn(II); am-
u(OH)2 evolves into tenorite (CuO) in the absence of Zn(II),
hereas it transforms into aurichalcite in the presence of Zn(II)
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ig. 4. The pH change of the solution during the homogeneous precipitation
sing urea. Full line, aged at 90 ◦C; dotted line, aged at 80 ◦C. The Cu/Zn/Al
omposition: (�) 50/50/0; (�) 45/45/10; (�) 40/40/20.

18]. It has been established that the am-Cu(OH)2 → CuO trans-
ormation proceeds via a dissolution-reprecipitation mechanism
17]. The same mechanism must operate during the formation
f aurichalcite [18].

Actually the precipitates obtained after aging for 2 h at 90 ◦C
howed an intensive reflection around 2θ = 12.7◦ together with
nother reflection around 2θ = 25.6◦, suggesting the formation of
ighly extended layered structure (Fig. 5). A shoulder observed
round 2θ = 12.0◦ can be assigned to hydrotalcite. Although
he two major lines cannot be assigned to any of aurichal-
ite, malachite and hydrotalcite, the line around 2θ = 12.7◦
s close to that of aurichalcite, suggesting that this phase is

precursor of aurichalcite (Cu,Zn)5(CO3)2(OH)6, of a low
n/Cu atomic ratio. ICP analyses of this product showed the
tomic ratio of Cu/Zn/Al = 63.6/13.7/22.7, but the analyses of
hree spots by EDX showed three different atomic ratios of
u/Zn/Al = 68.7/22.7/8.6, 48.9/28.4/22.7, and 49.0/24.1/26.9,

uggesting that the precipitates were not homogeneous. It was
eported that aurichalcite structure of the co-precipitate is dis-
orted, causing changes in the XRD pattern, by the incorporation

f Al3+ during the copreciptation from a solution containing Cu,
n, and Al nitrates, due to the high charge and acidic nature of
l3+ ions compared to those of Cu2+ and Zn2+ [22]. When the

ig. 5. XRD patterns of the precursors of the hp-Cu/ZnO/Al2O3 (45/45/10)
atalysts separated after 3 h of aging at 90 ◦C (full line) and the reflection pattern
imulated by replacing one 2e(Cu) site in aurichalcite with Al (dotted bars).

a
Z
C
m

T
L

C
r

5
4
4

t

sis A: Chemical 275 (2007) 130–138

eflection pattern was simulated by replacing one 2e(Cu) site
n aurichalcite with Al, the calculated pattern was very close
o the pattern of Fig. 5. This clearly suggests that the crystal
tructure of the precipitate is similar to aurichalcite; probably
he precursors of aurichalcite were formed after aging for 2 h.

Usually the homogeneous precipitation by the urea hydroly-
is was performed at 90 ◦C, considering the effective hydrolysis
f urea [14–19]. When the aging temperature was decreased
o 80 ◦C, the pH increase became slow compared with that at
0 ◦C, and reached the final value around 8.0 after aging for
4 h as observed for hp-Cu/Zn(50/50) (Fig. 4). Even when the
ging time was prolonged up to 36 h, no significant increase
as observed in the pH as observed for hp-Cu/Zn/Al(45/45/10)

Fig. 4). It is likely that the pH of the solution was mainly con-
rolled by the rate of hydrolysis of urea (Eq. (1)). In all cases,
he main component of the final products was aurichalcite, and
alachite was detected together with hydrotlcite when Al was

dded.

.3. Dissolution of Cu during the precipitation

We have reported that the Cu/Zn binary precursors as-
ynthesized by aging at 90 ◦C were composed of aurichalcite
ingle phase of small crystal sizes, and the catalysts after the
alcination at 300 ◦C showed high and stable activity for the
hift reaction [14,15]. It is expected that the ternary Cu/Zn/Al
ystem is composed of Zn(Cu)–Al hydrotalcite [23]. However,
he presence of Cu2+ cations makes the synthetic procedure

ore complex for two reasons [16]. First, Cu2+ ions show the
ahn–Teller effect that favors the formation of distorted octahe-
ral structures and preferentially gives rise to the precipitation
f malachite phases. Secondarily, Cu2+ ions can be depleted by
mmonia originating from urea hydrolysis.

The amounts of Cu and Zn dissolved in the solutions after
he separation of the precipitates were determined by the ICP

ethod. The dissolved amounts of both Cu and Zn are shown
s both concentration in the solution and percentage in the total
mount of metal (Table 2). At 90 ◦C, the leachings of both Cu

nd Zn were enhanced with increasing Al content, although the
n leaching was far smaller than that of Cu. The leaching of
u exceeded 10% at 20 mol% of the Al content. However, the
etal leaching was quite effectively suppressed by decreasing

able 2
eaching of Cu and Zn during the catalyst preparation by the hp-method

u/Zn/Al atomic
atio

Leaching amounta (mmol/l)b; %c

Cu Zn

80 ◦Cd 90 ◦Cd 80 ◦Cd 90 ◦Cd

0/50/0 0.13; 0.37 1.38; 4.00 0.05; 0.14 0.09; 0.27
5/45/10 0.27; 0.84 3.16; 9.88 0.04; 0.12 0.16; 0.49
0/40/20 0.28; 1.13 3.40; 11.59 0.02; 0.07 0.22; 0.74

a Obtained by the ICP analyses of the aqueous solution after the filtration of
he precipitates; shown as both concentration in the filtrate.

b Percentage in the total metal amount.
c For each aging temperature.
d The temperature for aging of the precipitates during the hp-preparation.
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other hand, the CO conversion decreased monotonously with
increasing Al content from 0 to 20 mol% by aging at 80 ◦C. In
both cases, the order of the activity well correlated with that of
the Cu metal surface area (Table 1).
ig. 6. SEM images of the precursors of the hp-Cu/ZnO/Al2O3 catalysts. (A)
repared under convection; (C) hp-Cu/ZnO (50/50) prepared under stirring; (D)

he aging temperature from 90 to 80 ◦C. At 80 ◦C, the Cu leach-
ng decreased to the value below one-tenth of that at 90 ◦C; with
ncreasing Al content, however, the Cu leaching still increased
nd the Zn leaching decreased.

.4. Effect of the stirring during the precipitation

SEM images of the precursors of the hp-Cu/ZnO/Al2O3 cat-
lysts are shown in Fig. 6; effect of the stirring of the solution
n the morphology of the precursor has been tested. When
he hp-Cu/ZnO (50/50) and hp-Cu/ZnO/Al2O3 (45/45/10) were
repared under non-stirring conditions, i.e., under the thermal
onvection, the precursors showed bird’s nest like morphologies
omposed of large-sized pillar or plate like crystallites (Fig. 6A
nd B). In contrast, the precursors of hp-Cu/ZnO (50/50) and hp-
u/ZnO/Al2O3 (45/45/10) prepared under stirring conditions

howed quite different morphologies, i.e., agglomerates of rather
mall-sized crystallites (Fig. 6C and D). In both cases, the sizes
f the bird’s nest and the crystallites were smaller in the presence
f Al than in the absence of Al. These indicate that the crystal
rowth was much more enhanced under convection than under
tirring, and moreover that the co-existence of Al inhibited the
rystal growth.

XRD patterns of the precursors of both hp-Cu/ZnO (50/50)
nd hp-Cu/ZnO/Al2O3 (45/45/10) prepared under convection
re shown in Fig. 7. More intensive reflections were observed
or both samples compared with those prepared under stirring
Fig. 1A), indicating that the crystal growth was accelerated
nder the convection coinciding with the results of SEM images

Fig. 6). However, the formation of the malachite phase was
lso accelerated under the convection even in the absence of
l. It is likely that the malachite formation in cooperation
ith the enhanced crystal growth caused a decrease in the

F
p
h

u/ZnO (50/50) prepared under convection; (B) hp-Cu/ZnO/Al2O3 (45/45/10)
u/ZnO/Al2O3 (45/45/10) under stirring.

ctivity of the hp-Cu/ZnO/Al2O3 catalysts prepared under the
onvection.

.5. Activity of the hp-Cu/ZnO/Al2O3 catalysts

The CO conversions in the shift reactions over the hp-
u/ZnO/Al2O3 catalysts prepared by aging either at 80 ◦C or
t 90 ◦C are shown in Fig. 8. The catalysts prepared by aging
t 90 ◦C showed higher CO conversion than those prepared at
0 ◦C. When the precursor was aged at 90 ◦C, the CO conver-
ion evidently increased by the addition of 5 mol% of Al and
hen decreased with increasing Al content to 20 mol%. On the
ig. 7. XRD patterns of the precursors of the hp-Cu/ZnO/Al2O3 catalysts pre-
ared under convection at 90 ◦C. (�) Aurichalcite (Cu,Zn)5(CO3)2(OH)6; (�)
ydrotaclite (Cu,Zn)6Al2(OH)16CO3·4H2O; (©) malachite Cu2(CO3)(OH)2.
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ig. 8. Activities of the hp-Cu/ZnO/Al2O3 catalysts prepared by aging
t 90 and 80 ◦C. Catalyst, 100 mg; flow rate: CO/H2O/H2/CO2/N2 =
.77/2.2/4.46/0.57/30 ml min−1.

We reported previously that the hp-Cu/ZnO catalysts showed
igh and stable activity for the shift reaction [14]. When a large-
cale production of the catalysts is considered for the testing
n the actual reformer for the PEFC, the aging temperature of
0 ◦C is too high, since a large amount of steam is produced and a
arge amount of heat is required. Indeed the hp-Cu/ZnO/Al2O3
atalysts must be prepared by aging at 80 ◦C at the highest.
nfortunately the aging at 80 ◦C caused a slight decrease in the

ctivity as observed for the three hp-Cu/ZnO/Al2O3 (50/50/0,
5/45/10 and 40/40/20) catalysts (Fig. 8) due to an increasing
ormation of malachite in the precursors. Malachite is composed
f only Cu, whereas aurichalcite is composed of Cu and Zn and
ormed more selectively at 90 ◦C than at 80 ◦C (Fig. 1).

It is reasonable that after the calcination aurichalcite produces
uO/ZnO mixed particles while malachite produces CuO parti-
les alone. Therefore, the former is preferable than the latter for
roducing finely dispersed Cu metal particles in good contact
ith ZnO particles. It seems that the formation of aurichalcite

s the precursor is indispensable for the formation of the active
u sites on the catalysts of the low Al content. Millar et al. [24]
ointed out an important role of the precursor for Cu/Zn cat-
lysts; the calcination of aurichalcite produced ultimately the
ost intimately mixed catalyst structure by stabilizing small

opper oxide and zinc oxide clusters. It was concluded that the
nique formation of an “anion modified” oxide resulting from
he initial decomposition stage of aurichalcite was responsible
or the “binding” of copper species to zinc moities.

The CO conversion significantly decreased when the hp-
u/ZnO (50/50) catalyst was prepared under the convection

.e., under non-stirring conditions (Fig. 8). This is certainly due
o the malachite formation together with the enhanced crystal
rowth (Fig. 7). It is likely that the former caused a formation of
arge-sized Cu metal particles from malachite containing Cu as

he precursor and the latter also produced large-sized Cu metal
articles after the decomposition followed by the reduction.

When the temperature for the reduction pre-treatment was
tepwise increased from 200 to 350 ◦C, the activity showed no

w
p
r
r

sis A: Chemical 275 (2007) 130–138

ubstantial decrease up to 250 ◦C, but the reduction at 350 ◦C
learly caused a decrease in the activity (data are not shown).
t is likely that the reduction of Cu species on the catalyst sur-
ace was almost completed by the pre-treatment at 200 ◦C for
.5 h on all hp-Cu/ZnO/Al2O3 catalysts, since no remarkable
nhancement was observed in the Cu0 surface area reduced at
50 ◦C compared to that at 200 ◦C. This is also supported by
he results of TPR measurements (Fig. 3); all Cu species on the
p-Cu/ZnO/Al2O3 catalysts were completely reduced at the low
emperatures below 300 ◦C under the TPR conditions. This is in
ontrast to the results obtained for the cp-Cu/ZnO/Al2O3 cata-
ysts, on which much higher temperature was required for the
eduction of the Cu species (Fig. 3). Steady state reduction of the
atalysts at 200 ◦C for 0.5 h must be enough for the reduction of
ll Cu species on the hp-Cu/ZnO/Al2O3 catalysts. The reduction
reatment at 350 ◦C possibly caused a sintering of the Cu metal
pecies on the catalyst surface, resulting in a decrease in the
ctivity. It must be emphasized that the reduction peak around
25 ◦C was observed as a main peak for all samples irrespective
f the Al content (Fig. 3). This low reduction temperature of Cu
pecies around 225 ◦C is likely to have an important role in the
atalytic activity for the CO shift reaction.

.6. Reducibility of Cu species on the hp-Cu/ZnO/Al2O3

atalysts

Fierro and co-workers [25] reported that the Cu/ZnO/Al2O3
atalysts prepared by co-precipitation at pH 7.0 and at 70 ◦C,
ollowed by calcination at 400 ◦C for 4 h, showed only one reduc-
ion peak centered at 223 ◦C in the TPR, which was assigned
o the reduction of CuO to Cu: CuO + H2 → Cu0 + H2O. The
resent samples were prepared by the hp-method under the
arying pH conditions between 4.0 and 8.5 and moreover were
alcined under the milder conditions, i.e., at 300 ◦C for 4 h.
herefore the precursors must differ from those reported by
ierro et al. and the effect of the precursor on the activity must
ppear more evidently. Although ZnO was not reduced under
ur experimental conditions, partial reduction of surface ZnO,
hich may lead to the formation of �-brass (i.e., a dilute alloy
f zinc in copper) only a few layers thick on the copper crystal-
ites during the catalyst reduction, cannot be ruled out. In fact,
etailed thermodynamic calculations [26] are in favor of such
hypothesis, showing that the equilibrium zinc content in a

urface �-brass is about 5% during catalyst reduction at 300 ◦C.
The shapes of the main reduction peaks centered around

25 ◦C (Fig. 3), which are asymmetric not only with a tail
owards lower temperature but also with shoulders towards
igher temperature, may be the result of overlapping of
everal elemental reduction processes arising from differ-
nt Cu2+ species. The main peak of CuO reduction in the
p-Cu/ZnO/Al2O3 was displaced by 46 ◦C towards lower tem-
eratures with respect to that of CuO at 271 ◦C [25]. This clearly
ndicates that ZnO enhances the reducibility of the copper phase,

hich is probably due to the formation of well dispersed CuO
articles in contact with the surface of ZnO particles. It has been
eported that ZnO promotes the copper reducibility in the overall
ange of composition of CuO/ZnO binary system [27].
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Pettersson and co-workers [28] reported that the reduction of
uO proceeds stepwise (Cu2+ → Cu+ → Cu0) judging from the
PR results of the Cu/ZnO catalysts impregnated on �-Al2O3;
atalysts with 12 wt.% copper loading show two peaks and the
econd peak may be attributed to the stepwise reduction of cop-
er oxide, which could indicate a strong interaction between
art of copper and zinc oxide in the sample. Turco et al. [16]
lso obtained evidence of the easy reduction of Cu2+ to Cu+ and
u0 and moreover the formation of stable complexes with Cu+

y the CO adsorption measurements on the Cu/ZnO/Al2O3 cata-
ysts derived from hydrotalcite precursors. Their precursors were
btained by homogeneous precipitation of metal cations with a
roperly modified urea method starting from metal chlorides
29]. TPR and TPO measurements indicated that Cu species are
asily reduced and reoxidized and Cu+ species are intermedi-
te for both processes, and moreover two reduction peaks were
bserved in the TPR and were related to the two-step reduc-
ion: Cu2+ → Cu+ → Cu0. A two-step reduction of Cu2+ was
lso observed for Cu/ZnO catalysts by the XANES technique
30,31], although in this case the two signals were not distin-
uished by the TPR technique. In the present work, we observed
wo or three reduction peaks for each TPR curve, the peak tem-
eratures of which were mainly 225 and 248 ◦C, and additionally
76 ◦C for the catalysts of high Al content. It is plausible that the
eaks observed at low temperature are assigned to the reduction
f Cu2+ to Cu+. Actually the reduction peak around 225 ◦C was
bserved for all catalysts which revealed the high activity for the
hift reaction in the present work. This may be correlated with
he fact that Cu+ species were observed as the active species
y Auger-electron spectra in the previous papers [14,15]. How-
ver the amount of H2 consumed for the reduction of Cu2+ to
u+ cannot be quantitatively analyzed in the present TPR mea-

urements, since the peak separation was not good enough and
he hp-Cu/ZnO/Al2O3 catalysts originally contains Cu+ in the
tructure, the amount of which considerably varies depending
n the composition and the preparation procedure. Moreover
ach peak cannot be strictly assigned to the reduction of either
u2+ to Cu+ or Cu2+ to Cu0. Further careful and extensive stud-

es will be required for the correct evaluation of the amount
f Cu+.

.7. Turnover frequency of the hp-Cu/ZnO/Al2O3 catalysts

Turnover frequencies (TOF) of the hp-Cu/ZnO/Al2O3 cata-
ysts were calculated from the CO conversion at 150 ◦C based on
he surface Cu metal and plotted against the Al content (Fig. 9).
he TOFs values obtained over the hp-Cu/ZnO/Al2O3 catalysts
ere higher than those obtained over the cp-Cu/ZnO/Al2O3 cat-

lysts as references. These cp-Cu/ZnO/Al2O3 catalysts were
repared by the co-precipitation method at pH 9.0 using NaOH
s the pH controller, which was the best conditions for preparing
he cp-catalysts [32]. The TOFs of the hp-Cu/ZnO/Al2O3 cata-
ysts were high for the Al content below 10 mol%, but decreased

ith further increasing Al content up to 20 mol%. This well cor-

elated with the dependence of the TPR peak intensity around
25 ◦C on the Al content for the hp-Cu/ZnO/Al2O3 catalysts
Fig. 3). The TOFs of the hp-Cu/ZnO/Al2O3 catalysts prepared

c
f
o
s

t 90 ◦C (�) and 80 ◦C (�). (©) cp-Cu/ZnO/Al2O3 catalysts as reference (pre-
ared by precipitation at pH 9.0 with NaOH as the pH controller).

y aging at 80 ◦C were higher than those prepared by aging at
0 ◦C. The results obtained above clearly suggest that the active
ites cannot be identified as metallic Cu species. The nature of
he Cu active site varies depending on the Al content and the
reparation method of the Cu/ZnO/Al2O3 catalysts.

.8. Active sites on the hp-Cu/ZnO/Al2O3 catalysts

We reported that the real active species on the hp-Cu/ZnO
atalysts are not Cu0 but Cu+ formed on the catalyst surface,
ince the TOF dependence on the Cu/Zn composition became
ore constant when they were calculated based on the surface

mount of Cu+ than that of Cu0 both estimated from Auger-
lectron spectra [14,15]. The Auger-electron spectra also clearly
ndicated in situ oxidation of Cu0 to Cu+ in the presence of steam
t room temperature, suggesting that the reduction–oxidation
etween Cu0 and Cu+ promoted the shift reaction (Eqs. (2) and
3)) and the reaction (3) must be the

Cu0 + H2O → Cu2
+O + H2 (2)

u2
+O + CO → 2Cu0 + CO2 (3)

ate-determining step [14,15].
There are various theories describing the nature of Cu–ZnO

nteractions in the catalyst [33]. For instance, some authors have
uggested that Cu is incorporated in the ZnO phase on inter-
titial and substitutional sites, assuming three possible valence
tates (Cu0, Cu+ and Cu2+) [34,35]. XPS measurements revealed
he existence of Cu+ species on the surface of binary Cu/ZnO
atalysts prepared via hydroxycarbonate precursors in aqueous
olution after exposure to an O2/CH3OH mixture [36]. It was
eported that ZnO segregates after reduction of Cu/ZnO/SiO2

atalysts; the migration of ZnO on top of Cu was followed by the
ormation of a (partly) oxidized Cu in a Cu+/ZnO surface with
xygen vacancies which worked as the active sites for methanol
ynthesis [37]. As for the shift reaction, it was reported that the
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eaction was catalyzed via a reduction–oxidation mechanism
etween Cu0 ↔ Cu+, in which Cu+ sites chemisorbed and oxi-
ized CO to CO2 to form Cu0, whereas the reduced Cu0 sites
ere reoxidized by H2O to form Cu+ and H2 [38,39]. None the

ess, the important role Cu0 cannot be excluded since the reaction
roceeded by the reduction–oxidation mechanism between Cu0

nd Cu+. Moreover, the amount of Cu+ sites reasonably depends
n the particle size of Cu metal if Cu+ forms at the boundary
etween Cu metal particles and ZnO particles, suggesting an
pparent dependence of the activity on Cu0 species.

Indeed the addition of only small amount of Al2O3 afforded
etter catalytic performance for the binary Cu/ZnO catalysts
Fig. 8). Actually ternary Cu/ZnO/Al2O3 catalysts have been
sed in the reformer. No clear evidence was obtained for explain-
ng the role of Al2O3 in the ternary Cu/ZnO/Al2O3 catalysts
n the present work. It is expected that Al2O3 can work as a
inder between Cu and ZnO or a stabilizer of the active Cu
etal species.

. Conclusions

The Cu/ZnO/Al2O3 catalysts were prepared by homogeneous
recipitation (hp), and the effects of the Al component on the
atalysts precursors and further on the catalytic activity for the
ater-gas shift reaction were studied. During the precipitation,
u(II) nitrate was first hydrolyzed at low pH, followed by the
ydrolysis of Zn(II) nitrate with increasing pH; amorophous
u(OH)2 formed first was converted to the final Cu/Zn bimetal-

ic product, i.e., aurichalcite, via a dissolution-reprecipitation
echanism assisted by Zn(II). During the hp-preparation, a

ignificant Cu leaching was observed, but was effectively sup-
ressed by lowering the aging temperature from 90 to 80 ◦C. A
ain crystal phase in the precursor was always Cu/Zn bimetallic

urichalcite, and malachite and hydrotalcite appeared as contam-
nants with increasing Al content. The formation of malachite
aused a lowering in the activity probably due to its mono-
etallic Cu property. Only an addition of small amount of Al

n the Cu/ZnO binary catalyst was effective for the activity
nhancement and the further addition caused a decrease not only
n the specific surface area but also in the Cu metal surface area,
esulting in a decrease in the catalytic activity. The activity appar-
ntly depended on the Cu metal surface area of hp-catalysts, but
OF varied significantly depending on the preparation method
s well as on the Al content. The hp-catalysts showed higher
OFs values than the cp-catalysts. It is likely that the active
ites are composed of Cu+ species obtained by the Cu2+ → Cu+

eduction around 225 ◦C as observed in the TPR measurements.
n important role of Cu/Zn bimetallic aurichalcite as the cata-

yst precursor and reduction–oxidation between Cu+ and Cu0 as
he catalytic mechanism of the shift reaction has been suggested.
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