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An Au-Cu Bimetal Catalyst Supported on Mesoporous TiO, with Stable
Catalytic Performance in CO Oxidation
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Abstract: An Au-Cu bimetal catalyst was prepared by deposition-precipitation (urea) of gold and copper species on mesoporous TiO, and
activation with H,. The sample was characterized by N, adsorption/desorption, X-ray diffraction, ultraviolet-visible spectroscopy, and
high-resolution transmission electron microscopy. The results showed that the Au and Cu species formed an Au-Cu alloy and were well dis-
persed on the mesoporous TiO,. According to CO oxidation test results, it was found that the catalytic activity of gold was enhanced by cop-
per. The Au-Cu bimetal catalyst supported on mesoporous TiO, showed better catalytic stability in CO oxidation than the Au catalyst sup-
ported on mesoporous TiO; and the nonporous TiO,-supported catalysts. This may be related to the effects of both Au-Cu alloying and the
mesostructure of TiO,.
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Gold catalysts have attracted much attention since Haruta the low catalytic stability of gold catalysts, caused by the
and coworkers [1-4] discovered the excellent low-tem- ease of sintering and agglomeration of gold nanoparticles,
perature catalytic activities of gold nanoparticles. However, has severely limited further applications [5,6]. The devel-
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opment of gold-based catalysts with high catalytic stabilities
is therefore a major topic of scientific research.

To date, a number of studies have focused on this subject
and can be divided into two main categories: the synthesis
of support materials with specific nanostructures and the
introduction of new species. Goodman et al. [7] reported
that gold nanoparticles can be stabilized by surface defects
via the substitution of Ti atoms for Si in a silica thin-film
network. Accordingly, Kunitake et al. [8] incorporated gold
into porous titania and zirconia and found that these materi-
als can effectively suppress the fusion of gold nanoparticles.
Furthermore, Bore et al. [9] deposited gold nanoparticles in
the pores of mesoporous silica and found that sintering of
gold nanoparticles was reduced. The confinement of gold
nanoparticles in the pores of support materials can therefore
effectively improve the catalytic stability of gold catalysts.

Alternatively, there are methods for introducing new spe-
cies into gold-based catalysts to improve their stability. Dai
et al. [10] prepared an ultrastable gold catalyst by covering
the Au/TiO, surface with an Al,O; thin film to anchor the
gold nanoparticles. Subsequently, they used various oxides
to modify the gold catalysts and achieved some good results
[11,12]. Instead of the introduction of inert materials, alloy-
ing gold with a metal of relatively high melting point is an
alternative effective way of improving the stability of gold
catalysts. In particular, there may be a synergistic effect
between the two metals, which can further enhance the ac-
tivity of the catalysts [13]. Introduction of another metal can
also reduce the cost of the catalyst. Among various metals,
copper is an ideal candidate because of its cheapness, stabil-
ity, and catalytic activity [14]. Zhang et al. [13] found that
an Au-Cu alloy exhibited a much better performance than
Au nanoparticles in catalyzing CO oxidation, but the au-
thors did not investigate its catalytic stability. Furthermore,
Chen et al. [15] reported that a gold-based catalyst sup-
ported on nonporous titania (P25) showed no deactivation
through 49 h of tests in the presence of copper species.

However, there has been little work on the effects of a
combination of alloying and confinement in pores on im-
proving the catalytic stability of gold-based catalysts. Based
on analyses of the work mentioned above, we consider that
an Au-Cu alloy catalyst supported on a mesoporous material
definitely has a better catalytic stability than other catalysts
using only one of these effects. In our previous work,
mesoporous TiO, was prepared from potassium titanate via
hydration and ion-exchange [16]. The corresponding gold
catalyst exhibited excellent low-temperature CO oxidation
performance [17]. Moreover, the gold nanoparticles depos-
ited on mesoporous TiO, were not liable to increase in size,
unlike those on titania with a nonporous structure [18]. In
this work, the catalytic stability in CO oxidation of an
Au-Cu bimetal catalyst supported on mesoporous TiO, was

studied.
1 Experimental
1.1 Catalyst preparation

Mesoporous TiO, was prepared as in our previous work
[16,17]. Briefly, K,Ti,Os was ion-exchanged with HCI
aqueous solution (0.1 mol/L) to give hydrated titanate
(H,Ti,05). Then, calcination of H,Ti,05 was performed in a
muffle oven at 600 °C to obtain mesoporous TiO,.

The loading of gold and copper on TiO, was carried out
by a one-step deposition-precipitation (urea) method using
aurochlorohydric acid (AuCl;-HCI-4H,0,
Chemical Reagent Co., Ltd) and copper nitrate
(Cu(NOs3),'3H,0, Sinopharm Chemical Reagent Co., Ltd) as
the precursors. Excess urea (1.286 g) was dissolved in 50 ml
of an aqueous solution of HAuCl; and Cu(NOs), at room
temperature. The Au/Cu molar ratio was 1. Then, 1 g of

Sinopharm

mesoporous TiO, powder was added to the solution and the
resulting mixture was kept at 80 °C for 3 h under vigorous
stirring and in the absence of light. The resulting suspension
was filtered and washed several times with 500 ml of dis-
tilled water. The solid product was dried overnight at 60 °C
under vacuum and then activated in H, at 300 °C for 2 h.
The obtained sample was denoted Au-Cu/TiO,. Inductively
coupled plasma-atomic emission spectroscopy results
showed that the loadings of gold and copper were both 1
wt% for Au-Cu/TiO,. For comparison, a gold catalyst and a
copper catalyst were also prepared by the one-step deposi-
tion-precipitation (urea) method; these were denoted
AU/TiO, and Cu/TiO,. The metal loadings of Au/TiO, and
Cu/TiO, were 2 wt%. Degussa P25 was used as the non-
porous titania, and its corresponding catalysts were denoted
Au-Cu/P25 and Au/P25. The metal loadings of these cata-
lysts were identical to those of their corresponding
mesoporous TiO,-supported catalysts.

1.2 Catalyst characterization

X-ray diffraction (XRD) analysis of the samples was car-
ried out on a D8 Advance X-ray diffractometer using Cu K,
radiation with settings of 40 kV and 30 mA. The scan range
was from 5° to 60° at a rate of 0.2 s/step. The textural prop-
erties of the samples were studied by N, adsorp-
tion/desorption measurements (Tristar 1T 3020M) at —196
°C. Before analysis, the samples were degassed for 2 h at
150 °C under vacuum. An ultraviolet-visible (UV-vis) spec-
trometer (Perkin-Elmer Lambda 900) was used to identify
the spectral properties of the samples. The morphology of
the gold nanoparticles was characterized by high-resolution
transmission electron microscopy (HRTEM) conducted on a
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JEM-2010 UHR (JEOL Co., Japan) at 200 kV.
1.3 Catalyst activity measurements

Measurements of catalyst activity in CO oxidation were
performed in a fixed-bed reactor using 40 mg of catalysts,
accurately weighed for each sample. The reactant gas (1
vol% CO and 1.98 vol% O, balanced with helium) was ad-
mitted at a flow rate of 20 ml/min, corresponding to a space
velocity of 30 L/(h-g.,). The flow rate of the reactant gas
was monitored using mass flow controllers. The tempera-
ture was controlled by a thermocouple placed inside the
catalyst bed. The off-gas was analyzed with an HP-6890 gas
chromatograph equipped with a thermal conductivity detec-
tor and a molecular 139 column using helium as carrier gas.

2 Results and discussion

The structures of TiO, and Au-Cu/TiO, were character-
ized by nitrogen adsorption/desorption. As shown in Fig. 1,
TiO; and the Au-Cu/TiO, catalyst have a similar type IV
isotherm, corresponding to a mesostructure. The pore size
distribution curve (the inset) shows that TiO, and the cata-
lyst have a uniform pore distribution of about 15 nm. There
are no obvious differences between the N, adsorp-
tion/desorption isotherms and pore size distribution of TiO,
and Au-Cu/TiO,. This indicates that the Au and Cu species
are well dispersed on TiO,.
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Fig. 1. N, adsorption/desorption isotherms and pore size distribution
of TiO, and Au-Cuw/TiO,.

The XRD pattern of Au-Cu/TiO, is shown in Fig. 2. The
strong peaks at 25.3°, 37.8°, 48.0°, 53.9°, and 55.1° are
ascribed to the diffraction patterns of the (101), (004),
(200), (105), and (211) planes of anatase TiO, [19]. More-
over, an ultraweak characteristic peak is observed at 26 =
40.5°, which is assigned to an Au-Cu alloy (PDF 65-0937).
However, no characteristic peaks corresponding to gold or

copper species are observed in the XRD pattern. This sug-
gests the formation of an Au-Cu alloy in the Au-Cu/TiO,
catalyst.
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Fig. 2. XRD pattern of Au-Cu/TiO,.

UV-vis absorption spectroscopy was performed to meas-
ure the spectral properties of TiO, after loading with metal
particles. Figure 3 shows that Au-Cu/TiO, and Au/TiO, both
have an absorption peak in the UV region (about 340 nm),
assigned to the optical response of TiO,. Au/TiO, exhibits
an extra absorption peak in the visible region (about 558
nm). This peak can be attributed to surface plasma reso-
nance of the gold nanoparticles. For Au-Cu/TiO,, a broad-
ened absorption peak can be seen in the visible region, and
the peak is at about 553 nm, similar to that of Au/TiO,.
However, the entire absorption peak in the visible region of
Au-Cu/TiO, displays a red shift compared with that of
Au/TiO,. Apparently, this red shift is caused by the exis-
tence of copper species and is attributed to the formation of
an Au-Cu alloy [20].
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Fig. 3. UV-vis spectra of Au-Cu/TiO, and Au/TiO.

HRTEM was used to study the morphology of the metal
nanoparticles in Au-Cu/TiO,. Figure 4(a) shows that all the
nanoparticles (black spots) are uniformly distributed on the
mesoporous TiO,. According to the particle size distribution
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Fig. 4. HRTEM images of Au-Cu/TiO; ((a) low-resolution image; (b)
high-resolution image) and particle size distribution (c).

(Fig. 4(c)), most of the nanoparticles are of diameter 3—4
nm. Furthermore, HRTEM examination of the Au-Cu/TiO,
shows that the d-spacing value in a single particle is about
0.223 nm. This confirms that the particles are not a mixture
of separate gold and copper particles but composed of
Au-Cu alloy [13]; this is in agreement with the analyses
discussed above.

Catalytic properties of various samples are shown in Ta-

ble 1. The performance of the catalysts can be qualitatively
evaluated from T, i.e., the reaction temperature at which
CO conversion by the catalyst is 50%. The Ts, value of
Au-Cu/TiO, is 57 °C, higher than that of Au/TiO, (33 °C).
This indicates that the catalytic performance of Au-Cu/TiO,
is a little worse than that of Au/TiO,, as is also quantita-
tively confirmed by the reaction rate (r). In contrast,
Au-Cu/TiO, has a higher specific reaction rate (r,,) than
that of Au/TiO,; s, for Au-Cu/TiO; is 78.2 pmolco/(gau’s)-
This suggests that the activity of the gold in Au-Cu/TiO, is
enhanced by the copper, and this may be related to a syner-
gistic effect between gold and copper. For comparison, we
prepared a catalyst Au/TiO,+Cu/TiO, by physically mixing
AU/TiO; and Cu/TiO, in a 1:1 mass ratio. Clearly, for the
gold species and copper species located in separated sub-
strates in Au/TiO,+Cu/TiO, there is no synergistic effect
between gold and copper. The » and r,, values of
AU/TiO+Cu/TiO, are 0.63 pmolco/(gers) and  63.2
pmolco/(gay-s), respectively, which are almost half of the »
value and similar to the r,, value, respectively, of Au/TiO,.
This indicates that copper has no effect on the activity of
gold nanoparticles in the physically mixed catalyst
Au/TiO,+Cu/TiO,. However, both r and r,, of Au-Cu/TiO,
are obviously higher than those of Au/TiO,+Cu/TiO,. This
confirms that the activity of gold in an Au-Cu bimetal cata-
lyst supported on TiO, is enhanced by the copper, and this is
related to the synergistic effect between gold and copper.
The stability of the catalytic performance of various
catalysts was examined using long-term time tests. As
shown in Fig. 5, there is only about 4% deactivation of
Au-Cu/TiO, after reaction for 600 min. However, Au/TiO,
exhibits about 25% deactivation after reaction for 600 min.
This indicates that the introduction of copper can indeed
improve the catalytic stability of gold catalysts, as was also
confirmed by a comparison of the stabilities of Au-Cu/P25
(27%) and Au/P25 (62%). Furthermore, it can be seen that
the deactivation degree of TiO,-supported catalysts is lower
than that of P25-supported catalysts. As is well known, P25
consists of nonporous titania nanoparticles. The nitrogen
adsorption/desorption results in Fig. 1 show that the TiO,
used in the present work has a typical mesostructure. This

Table 1 Physicochemical properties and catalytic activities (7o, 7, and ra,) for various catalysts

Sample Metal Surface area (m?/g) T50'/°C /(umolco/(gears)) rac/(umolco/(gaus))
TiO, - 56.2 - - -
Au-Cu/TiO, 1wt%Au, 1wt%Cu 54.8 57 0.78 78.2
Au/TiO, 2wt%Au 52.4 33 1.30 65.1
Cu/TiO, 2wt%Cu - 115 0 -
Au/TiO,+Cu/TiO, 2wt%Au+2wt%Cu - 74 0.63 63.2

Ty is the reaction temperature when the CO conversion of catalyst is 50%.

®The reaction rate (r) and the specific reaction rate (r4,) of CO oxidation at low conversions under a kinetically controlled regime at 25 °C.

“The catalyst is obtained by physical mixture of Au/TiO, and Cu/TiO, in the mass ratio of 1 to 1.



1782 fit b ¥ Chin. J. Catal., 2012, 33: 1778-1782
References
1.0+
0.9 | 1 Haruta M, Yamada N, Kobayashi T, lijima S. J Catal, 1989,
Y i 115: 301
= 2 Haruta M, Daté M. Appl Catal 4, 2001, 222: 427
g o7t 3 Haruta M. CATTECH, 2002, 6: 102
g 0.6 I Au-Cw/TiO, 4 Hashmi A S K, Hutchings G J. Angew Chem, Int Ed, 2006, 45:
2 o5 —a—Au-CwP2s 7896 ‘
| —o— AWTIO, 5 Campbell C T, Parker S C, Starr D E. Science, 2002, 298: 811
04+ —— AWP25 6 Lai X, St Clair T P, Goodman D W. Faraday Discuss, 1999,
ol 114: 279
0 100 200 300 400 500 600 7 Min B K, Wallace W T, Goodman D W. J Phys Chem B, 2004,
Test time (min) 108: 14609
Fig. 5. Long-term time tests for CO oxidation over various samples. 8 HeJ, Kunitake T. Chem Mater, 2004, 16: 2656
9 Bore M T, Pham H N, Switzer E E, Ward T L, Fukuoka A,
suggests that the mesostructure of titania is beneficial to the Datye AK. J Phys Chem B, 2005, 109: 2873
stability of the gold catalyst; this was also demonstrated in 10 Yan W, Mahurin § M, Pan Z, Overbury S H, Dai 8. J Am
our previous work [18]. Compared with the other catalysts, Chem Soc, 2007, 127: 10480
Au-Cu/TiO, displays the lowest deactivation, suggesting the 11 Ma Z, Brown S, Howe J'Y, Overbury S H, Dai 8. J Phys Chem
best catalytic stability. Thus, as expected, excellent catalytic €, 2008, 112: 9448 )

. . . 12 Zhu H, Ma Z, Overbury S H, Dai S. Catal Lett, 2007, 116: 128
stablht_y of gold-based cataly.sts can be obtained by alloying 13 Liu X Y, Wang A Q, Wang X D, Mou C Y, Zhang T. Chem
and using mesoporous materials as supports. Commun, 2008: 3187

14 Bracey C L, Ellis P R, Hutchings G J. Chem Soc Rev, 2009,
3 Conclusions 38: 2231

15 Sangeetha P, Zhao B, Chen Y W. Ind Eng Chem Res, 2010, 49:

We prepared a gold-based catalyst with high catalytic 2096

stability in CO oxidation by codeposition of Au and Cu 16 He M, Lu X H, Feng X, Yu L, Yang Z H. Chem Commun,
precursors on mesoporous TiO,. The characterization results 2004: 2202
showed that Au and Cu species formed an Au-Cu alloy, 17 ZhuY H, Li W, Zhou Y X, Lu X H, Feng X, Yang Z H. Catal
which was well dispersed on mesoporous TiO,. CO oxida- Lett, 2009, 127: 406
tion tests showed that the Au-Cu/TiO, catalyst had better 18 ThIiesie, AR, FAk, FER, BidE, LA M
catalytic stability than the gold catalyst and the nonporous 2R Ma X X, Zhu Y H, Li L Ch, Wang Ch S, Lu X H, Yang
catalyst. This may be related to the effects of Au-Cu alloy- Zh H. Chin J Catal), 2012, 33: 1480
ing and confinement by the TiO, mesostructure. Further 19 ZRARAE, BRI, Fi/NE, MRLL, 1, IR, ik
studies on the as-prepared catalysts are underway in our ## (Zhu Y H, Chen Sh Sh, Lu X H, Yang Zh H, Feng X, Wang
group. We hope that the present work may help to improve HY. Chin J Catal), 2009, 30: 421
the catalytic stability of gold-based catalysts. 20 Pal S, De G.J Mater Chem, 2007, 17: 493



