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a b s t r a c t

Au–Cu bimetallic catalysts with Au/Cu ratios ranging from 3/1 to 20/1 were prepared on silica gel sup-
port by a two-step method. The catalysts were characterized by ICP, XRD and TEM. The results showed
that, irrespective of Au/Cu ratios, all the bimetallic nanoparticles had significantly reduced particle sizes
(3.0–3.6 nm) in comparison with monometallic gold catalysts (5.7 nm). Both CO oxidation and PROX reac-
old
opper
anoparticle
O oxidation
ROX

tions were employed to evaluate the catalytic activities of Au–Cu bimetallic catalysts. For CO oxidation,
the alloy catalysts show non-monotonic temperature dependence showing a valley in the intermediate
temperature range. The catalyst with Au/Cu ratio of 20/1 gave the highest activity at room tempera-
ture, but its activity showed the deepest valley with increasing the reaction temperature. On the other
hand, the catalyst with Au/Cu ratio of 3/1 exhibited the best performance for PROX reaction. For the
Au/Cu ratios investigated, the bimetallic catalysts showed superior performance to monometallic gold

the sy
catalysts, demonstrating

. Introduction

Gold nanocatalysts have been intensively studied since the pio-
eering work of Haruta in the 80 s of last century [1–3]. It has been
eported that the optimized size of gold nanoparticles in CO oxi-
ation reaction is ∼3 nm [4–6]. Generally, highly dispersed gold
anoparticles can be facilely obtained by a deposition-precipitation
DP) method on “active” metal oxide supports (e.g., TiO2, Fe2O3,
tc.) with iso-electronic points (IEP) between 6 and 9 [7,8]. How-
ver, it remains challenging to obtain small gold nanoparticles on
inert” supports with acidic surfaces (e.g., silica, IEP = 2.0) and with-
ut anchoring sites (e.g., defects, F centers) [9,10]. At the same
ime, silica is appealing as a support for its large surface area, good
hermal stability, high resistance against corrosion, and availabil-
ty. Therefore, it would be attractive to synthesize highly dispersed
nd highly active gold nanocatalysts supported on silica.

It has been demonstrated theoretically that the electronic and
tructural properties of gold nanoparticles can be modified by

oping with a second metal [11]. Supported bimetallic catalysts
ontaining gold is becoming an emerging research subject recently,
specially Au–platinum group metals (PGMs). It has been reported
hat supported Au–Pt bimetallic catalysts showed enhanced activ-
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ity in methanol electrooxidation [12], oxygen reduction [13], CO
tolerance for hydrogen activation [14] and biomass conversion [15].
Supported Au–Pd catalysts also showed superior activity compared
to Au and Pd nanocatalysts in the acetoxylation of ethylene to vinyl
acetate [16], alcohol oxidation [17] and direct synthesis of hydro-
gen peroxide [18]. Recently, supported Au–Ir bimetallic catalysts
were reported to exhibit higher activity in CO oxidation than the
monometallic ones [19]. However, alloying gold with the other
two coinage metals (silver and copper) has received relatively less
attention.

The group IB metals (gold, silver and copper) have the same
face center cubic (fcc) crystal structure and similar lattice spacing,
so they can form alloy very easily. In our previous work [20–23], we
designed a one-pot method to prepare Au–Ag alloy nanoparticles
supported on MCM-41. Gold and silver showed obvious synergetic
effect in CO oxidation reaction. However, the particle size was not
well controlled (∼30 nm) and the Au–Ag@MCM-41 catalyst showed
no activity when H2 was present. Recently, we developed a gen-
eral two-step method to prepare highly dispersed Au–Ag alloy
nanoparticles on silica gel [24] and on MCM-41 [25] and Au–Cu
alloy nanoparticles on SBA-15 [26]. It has been shown that alloying
gold with silver or copper is a good way to obtain highly active,

sintering-resistant nanoparticles on inert supports. For the Ag–Au
alloy, the Au/Ag ratio was found to be a determining factor in the
catalysts for the activity of CO oxidation [21]. The effect of Au/Cu
ratios has not been investigated in details, in particular for large
Au/Cu ratios. In this work, we prepared Au–Cu bimetallic catalysts

dx.doi.org/10.1016/j.cattod.2010.05.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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ith different Au/Cu ratios, from 3/1 to 20/1, with a focus on the
ffect of Au/Cu ratios on the particle size and catalytic activity for
oth CO oxidation and PROX reactions.

. Experimental

.1. Catalyst preparation

The Au–Cu alloy nanoparticles were supported on silica gel
provided by Qingdao Ocean Chemical Plant, SBET = 467 m2 g−1) by

two-step method which was reported in our previous works
24–26]. Briefly, 1.0 g of the silica gel was dispersed in 50 mL ethanol
ontaining 2.5 g of APTES (H2N(CH2)3Si(OEt)3) under stirring, and
he mixture was then refluxed at 80 ◦C for 24 h. The recovered
olid was dried at 60 ◦C overnight to obtain APTES-functionalized
ilica gel (APTES-SiO2). To synthesize Au–Cu alloy nanoparticles
upported on silica gel, in the first step, 1.0 g of the as-prepared
PTES-SiO2 was dispersed in 15 mL of H2O, to which 5 mL of a
.89 wt% HAuCl4 aqueous solution was added. After continuous
tirring at room temperature for 30 min, the mixture was recovered
y filtration and washing, and was then redispersed in 20 mL of an
queous solution of NaBH4 (0.1 M) and stirred for another 20 min.
fter that, the solid was recovered by filtering and washing until

here was no Cl− detected by AgNO3, thus obtaining Au/APTES-
iO2. In the second step, Cu was deposited on the Au/APTES-SiO2
sing Cu(NO3)2 as the precursor with the same procedure as that
or Au deposition in the first step. Finally, the solid was dried at
10 ◦C, calcined at 500 ◦C in air for 6 h, and reduced at 550 ◦C in
ure H2 for 1 h to obtain the Au–Cu/SiO2 catalysts. The atomic ratio
f gold to copper was varied from 3/1 to 20/1, and the total metal
oading was fixed at 6 wt%. According to the nominal Au/Cu atomic
atios, the catalysts are designated as Au20Cu1/SiO2, Au10Cu1/SiO2,
u6Cu1/SiO2, Au3Cu1/SiO2, as well as Au/SiO2 and Cu/SiO2.

.2. Characterization

The actual metal loadings of the catalysts were determined
y inductively coupled plasma spectrometer (ICP-AES) on an IRIS

ntrepid II XSP instrument (Thermo Electron Corporation). The
ide-angle X-ray diffraction (XRD) patterns were recorded on a

W3040/60 X’ Pert PRO (PANalytical) diffractometer equipped with
Cu K� radiation source (� = 0.15432 nm), operating at 40 kV and
0 mA. A continuous mode was used for collecting data in the 2�
ange from 20◦ to 80◦ at a scanning speed of 5◦/min. TEM images
ere obtained on a Tecnai G2 Spirit FEI Transmission Electron
icroscope operating at 120 kV. The particle size distribution of
he catalysts was obtained by measuring more than 300 nanoparti-
les in each sample. The HRTEM images and the lattice parameters
f the Au–Cu nanoparticles were observed with a Philips CM200
EG electron microscope, operating at 200 kV and equipped with a
atan GIF100 imaging filter.

able 1
hemical compositions, average particle sizes and the lattice spacings of Au–Cu/SiO2 wit

Catalysts Au/Cu a Total metal
loading (wt%) a

DXRD (nm)b d spacing (nm

Au/SiO2 1/0 5.72 4.3 0.235
Au20Cu1/SiO2 19.55/1 5.55 2.6 0.233
Au10Cu1/SiO2 10.14/1 5.52 2.4 0.232
Au6Cu1/SiO2 7.09/1 5.74 2.5 0.231
Au3Cu1/SiO2 3.99/1 5.35 2.6 0.229
Cu/SiO2 0/1 1.91 – 0.208

a Atomic ratios of Au to Cu determined by ICP.
b Average particle sizes estimated from Scherrer’s equation according to XRD.
c Average particle sizes estimated by TEM images.
160 (2011) 103–108

2.3. Activity measurement

The catalytic testing was conducted with a continuous flow
fixed-bed reactor system. Prior to the reaction, the catalyst was pre-
treated with H2 at 550 ◦C for 1 h, and then cooled to the reaction
temperature under He. For CO oxidation, the feed gas contain-
ing 1.0 vol% CO and 1.0 vol% O2 balanced with He was allowed
to pass through 60 mg (20–40 mesh) of a catalyst sample at a
flow rate of 20 mL min−1 (corresponding to a space velocity of
20, 000 mL h−1 g−1

cat). For preferential CO oxidation in rich H2, the
feed stream was composed of 1.0 vol% CO, 0.5 vol% O2 and 50 vol%
H2 balanced with He, and the total flow rate was 40 mL min−1 (cor-
responding to a space velocity of 40, 000 mL h−1 g−1

cat). The inlet and
outlet gas compositions were analyzed on-line by a gas chromato-
graph (HP 6890, TDX-01 column).

3. Results and discussion

3.1. Actual Au/Cu molar ratios

In order to investigate the effect of Au/Cu ratios on the catalytic
performance, we prepared four Au–Cu bimetallic catalysts with dif-
ferent Au/Cu atomic ratios according to our previously developed
two-step approach [24–26]. As shown in Table 1, when the nomi-
nal Au/Cu ratios were 20/1 and 10/1, the actual Au/Cu ratios were
almost exactly the same as the nominal values. However, for the
nominal Au/Cu ratios of 6/1 and 3/1, the actual Au/Cu atomic ratios
were somewhat larger than the nominal values. The deviation of
the actual Au/Cu ratios from their nominal values at low Au/Cu
ratios indicates that the loading of Cu on the support is more dif-
ficult than that of Au. Actually, comparing the metal loadings of
Au/SiO2 and Cu/SiO2, one can see that the actual Cu loading is only
one-third that of Au although their nominal loadings were all at
6 wt%. Apparently, the interaction between the amine (–NH2) on
the support surface and copper is weaker than with gold species.

3.2. Wide-angle XRD patterns

Fig. 1 presents the XRD patterns of the four bimetallic samples
before and after the reduction treatment. Irrespective of the Au/Cu
ratios, the four samples before the reduction treatment show the
same XRD patterns as Au/SiO2. None of any copper species, either
copper oxides or metallic Cu, were detected by XRD. It is noted that
even for the Cu/SiO2 catalyst, not any copper crystal species were
detected, suggesting that copper may exist as highly dispersed par-
ticles or amorphous species that could not be detected by XRD. On
the other hand, upon reduction treatment with H2, the XRD peaks

slightly shift toward high angles with decreasing Au/Cu ratios, and
this shift became more discernable at the Au/Cu ratio of 3/1. The d
spacings, which were calculated according to the (1 1 1) reflection
peak, also reflect such a tendency (Table 1). This is an indication of
the formation of Au–Cu alloy after the reduction treatment [27]. The

h various Au/Cu atomic ratios.

) DTEM (nm) c Specific rate
(molco g−1

Au h−1)
Contact time
(gcat h mol−1

co )
TOF (s−1)

5.7 0.10 4.3 0.018
3.6 0.21 4.3 0.036
3.5 0.14 4.3 0.023
3.2 0.14 4.3 0.020
3.0 0.18 4.3 0.023
– – – –
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ig. 1. XRD patterns of Au–Cu/SiO2 catalysts with different Au/Cu atomic ratios: (a)
alcined at 500 ◦C for 6 h in air; (b) sample (a) reduced at 550 ◦C for 1 h in pure H2.

verage particle sizes of the bimetallic catalysts, which were calcu-
ated by Scherrer’s equation, are found to be almost invariant with
espect to the Au/Cu ratios, and much smaller compared with that
f Au/SiO2 catalyst. This result indicates that the presence of Cu,
ven in a very small amount, prevent effectively the gold particles
rom sintering.

.3. TEM and HRTEM images

Fig. 2 shows the TEM images and the corresponding particle size
istributions of the four bimetallic catalysts. In agreement with the
RD examinations, the metal particles are found to be uniformly
ispersed on the surface of the silica support. The average parti-
le sizes are only slightly increased from 3.0 to 3.6 nm when the
u/Cu ratios are increased from 3/1 to 20/1. In comparison with

he Au/SiO2 catalyst which has the average particle size of 5.7 nm
24], all the Au–Cu bimetallic catalysts show significantly reduced
article sizes. In our previous work on Au–Ag bimetallic catalysts
24,25], we proposed a core–shell model to interpret the key role
f Ag in limiting the aggregation of gold particles. Similarly, we
ropose copper oxide will form a shell on the gold nanoparticles
o that they can inhibit the aggregation of gold particles during
igh-temperature calcination. However, at Au/Cu ratio of 20/1, the

mount of copper is too small to form a monolayer on the gold
ore. In that case, the copper oxide may just form as some patches
n the surface of gold core. The small patches of copper oxide may
till play a key role in limiting the aggregation of gold particles.
pon reduction, the copper oxide species are reduced to metallic
160 (2011) 103–108 105

copper and the latter diffuse into the crystalline structure of gold
to form Au–Cu alloy.

In order to confirm the formation of Au–Cu alloy upon reduction,
we further performed HRTEM examination on the Au3Cu1/SiO2
sample. The representative HRTEM image is shown in Fig. 3. The
d spacings of the arbitrarily selected single nanoparticles are found
to be 0.227, 0.228, and 0.233 nm, respectively; lying between the
d spacings of monometallic Au (0.235 nm) and Cu (0.208 nm), sug-
gesting that these particles are composed of random alloy of Au
and Cu. In addition, we see that the d values differ from one par-
ticle to another, which may indicate that the composition of the
Au–Cu alloy nanoparticles is fluctuating.

3.4. Catalytic activity for CO oxidation

Low-temperature CO oxidation is a good probe reaction to char-
acterize the properties of gold-based catalysts. In the present work,
Au–Cu bimetallic catalysts with various Au/Cu ratios were mea-
sured for CO oxidation. Fig. 4 illustrates the CO conversions as a
function of the reaction temperature. First, as we have demon-
strated in previous reports [24,25], SiO2-supported gold catalyst
presented a fairly good activity for low-temperature CO oxidation.
The CO conversion attained ∼50% even at below 0 ◦C. However,
for Au/SiO2 the conversion level remained roughly unchanged
with increasing reaction temperature until 150 ◦C. The silica sup-
ported Au catalyst achieved a full conversion of CO only at a very
high-temperature of 200 ◦C. This unusual behavior of Au/SiO2 is
very different from other gold catalysts, such as Au/TiO2 [28] and
Au/Fe2O3 [29], and the underlying cause is yet to be determined. In
contrast, the Cu/SiO2 sample gave a rather poor catalytic activity;
the onset temperature is higher than 100 ◦C. Remarkably differ-
ent from either Au/SiO2 or Cu/SiO2, the Au–Cu bimetallic catalysts
present synergistic effect in catalysis between Au and Cu. Pre-
viously, Zhu et al. [30] also found enhanced performance in CO
oxidation reaction when Cu and Au are deposited on TiO2 nanotube.
Apparently, Cu promoted the catalysis of Au on CO oxidation. The
light-off temperature for the 100% CO conversion was 70 and 170 ◦C
for Au–Cu/TiO2 and Au/TiO2, respectively.

For our bimetallic catalyst, irrespective of Au/Cu ratios, all the
Au–Cu bimetallic catalysts gave similar CO conversions below 0 ◦C
and a 100% CO conversion at 30 ◦C. Further increasing the reac-
tion temperature from 30 to 200 ◦C brought about the appearance
of a valley in the curve of CO conversions. Moreover, both the
width and the depth of the valley depends on the Au/Cu ratios.
The higher the Au/Cu ratio is, the deeper and wider is the valley.
Such non-monotonic activity-reaction temperature dependence
was also observed in our previously reported Au–Ag bimetallic sys-
tem [21]. An important point to be noted is that the monometallic
gold or copper do not exhibit such uncommon activity-reaction
temperature curve. Therefore, the appearance of the activity valley
may be linked with the modification of Au by Ag or Cu. In an inves-
tigation of Au catalyzed CO oxidation, Daté et al. [31] reported that
the CO conversion decreased with increasing temperature when
certain amount of moisture was added into the inlet gas. However,
the dry inlet gas as well as the absence of the activity valley in
Au/SiO2 excludes the moisture effect in our work. On the other
hand, Qian et al. [32] observed a similar activity-reaction tempera-
ture dependence over Au/ZnO/SiO2–NH3, and they attribute this
behavior to the switching between two different reaction path-
ways, a low-temperature reaction pathway and high-temperature
reaction pathway. In the low-temperature pathway, the weakly

adsorbed species (either molecular oxygen or other key species
related with oxygen activation) desorbs with increasing the reac-
tion temperature, resulting in the loss of activity following this
pathway. According to this model, we can imagine that the weakly
adsorbed species must desorb much faster from the catalysts with
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Fig. 2. TEM images and the corresponding particle size distributions of Au–Cu/SiO2 catalysts with different Au/Cu atomic ratios: (a) 3/1, (b) 6/1, (c) 10/1 and (d) 20/1.
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were dispersed on the surface of gold and the CO oxidation occurs
at the perimeter interfaces at the junction between gold and Ag2O
[36]. Similar to Ag, Cu and its oxides are able to adsorb and activate
oxygen. Therefore, in the case of Au–Cu bimetallic catalysts, we also
ig. 3. HRTEM image and the lattice spacing of arbitrarily selected single nanopar-
icles of Au3Cu1/SiO2.

igher Au/Cu ratios. This is reasonable assuming that the weakly
dsorbed species is oxygen and the Cu species plays the important
ole in activating oxygen molecules.

To quantitatively compare the catalytic activity of Au–Cu cata-
ysts with different Au/Cu ratios, we further measured the specific
ates and TOFs (turnover frequencies) assuming that gold is the
ctive site and Cu just acts as a promoter. Note that the measure-
ent condition for specific rates and TOFs is different from that for

onversion–temperature curves; the former is characterized by low
O conversions through diluting the catalyst with quartz sand or
ia increasing the flow rate. As shown in Table 1, the Au20Cu1/SiO2
ives the highest specific rate and TOF among all the samples inves-
igated when the reaction temperature was 30 ◦C. In other words,
ven a very little amount of Cu led to a substantial improvement
n activity of gold. On the other hand, as demonstrated by XRD
nd TEM results, the sizes of bimetallic nanoparticles are almost

ndependent on the Au/Cu ratios; even a very little amount of Cu
ould significantly limit the aggregation of gold. Hence, the superior
ctivity of the Au20Cu1/SiO2 for the low-temperature CO oxida-
ion might be originated mainly from the electronic effect which

ig. 4. CO conversions with reaction temperature over Au–Cu/SiO2 with various
u/Cu atomic ratios. In each experiment, 60 mg of the catalyst was used. Gas mix-

ure: CO/O2/He = 1/1/98 (vol); flow rate: 20 mL min−1.
160 (2011) 103–108 107

is brought about by Cu. This result is reminiscent of nanoporous
gold reported in literature [33–35]. In nanoporous gold, the resid-
ual silver content in the bulk was less than 1%, but the high catalytic
activity of nanoporous gold was argued to be related to the pres-
ence of small amount of Ag where Ag was proposed to play a key
role in activating oxygen [33–35]. Haruta proposed an inversely
supported gold model for nanoporous gold where Ag O patches
Fig. 5. CO conversions (a), O2 conversions (b) and CO selectivities (c) with
reaction temperature over Au–Cu/SiO2 catalysts with various Au/Cu atomic
ratios. In each experiment, 60 mg of the catalyst was used. Gas mixture:
CO/O2/H2/He = 1/0.5/50/48.5 (vol); flow rate 40 mL min−1.
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ropose that CO adsorbed on gold reacts with O activated on copper
xide to form CO2. The higher activity of Au20Cu1/SiO2 may suggest
hat highly dispersed copper or its oxides facilitate better oxygen
ctivation.

.5. Catalytic activity for preferential oxidation of CO in rich H2

Preferential oxidation of CO is an important reaction for reduc-
ng the CO concentration in excess amount of hydrogen to an
cceptable level for fuel cell operation. Fig. 5 shows the catalytic
erformances of Au–Cu bimetallic catalysts. Both the CO conver-
ions and the CO2 selectivities decrease with increasing the reaction
emperature due to the competitive oxidation of H2. Recently,

ozer et al. [37] found similar temperature trend in the selec-
ive carbon monoxide oxidation on a Au–Cu catalyst supported on
lumina.

Comparing the catalysts with different Au/Cu ratios, both the
O conversions and the CO2 selectivities increase with decreas-

ng the Au/Cu ratios, while the oxygen conversions do not change
ith the Au/Cu ratios. Moreover, the Cu/SiO2 sample did not

xhibit any activity in this range of reaction temperature. The
uch higher O2 conversions over the Au–Cu bimetallic catalysts

han that over Au/SiO2 also suggest that the Cu component in
he Au–Cu catalysts facilitates the activation of oxygen at low-
emperatures, which is very different from the Cu/SiO2. Among the
our Au–Cu bimetallic catalysts, the Au3Cu1/SiO2 catalyst shows
he best performance for PROX reaction. A point may be noted
ere, is that the reaction temperature range for PROX reaction,

.e., 27–80 ◦C is coincidently where the activity valley begins to
ake place in pure CO oxidation (see Fig. 4). In that tempera-
ure range, the activity for CO oxidation follows the order of
u3Cu1/SiO2 > Au6Cu1/SiO2 > Au10Cu1/SiO2 > Au20Cu1/SiO2. Obvi-
usly, the Cu component is exerting different influences on Au in
he two reaction temperature range. Below room temperature, it
ppears that even a tiny amount of Cu is enough to promote the
O oxidation over gold. However, between RT and 200 ◦C, a higher
mount of Cu is required to keep the high activity from decaying. In
he future work, the reaction mechanisms involved in CO oxidation
n these two reaction temperature range will be revealed by kinetic
tudies as well as in situ spectroscopy characterizations.

. Conclusions

In summary, we have prepared Au–Cu bimetallic nanoparticles
n silica gel support by a two-step method. Irrespective of Au/Cu
atios, the bimetallic nanoparticles are highly dispersed on the sup-
ort and the particle sizes are significantly reduced in comparison
ith monometallic Au/SiO2. The Au–Cu bimetallic nanoparticles

howed higher catalytic activities than monometallic gold cata-

ysts, for both CO oxidation and PROX reactions. Moreover, Cu
nfluenced the catalytic activity of Au differently in two ranges
f reaction temperatures. In the low reaction temperature range
<room temperature), even a tiny amount of Cu resulted in a very
arge increase of the reaction rate. However, in the temperature

[

[
[

160 (2011) 103–108

range of ∼200 ◦C, an activity valley was clearly observed in Au–Cu
bimetallic catalysts and the valley strongly depended on the Au/Cu
ratios. The appearance of the activity valley suggests switching
from one reaction mechanism to another, which deserves to be
studied further.
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