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the difference in these temperatures for the simple MOx compared to the supported Au catalysts is
plotted against the metal-oxygen binding energies of the support MO.. A clear volcano-like correla-
tion between the temperature difference and the metal-oxygen binding energies is observed. This
correlation suggests that the use of MOx with appropriate metal-oxygen binding energies (300-500
kJ/atom O) greatly improves the catalytic activity of MOx by the deposition of Au NPs.
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Metal oxide (MOx)-supported Au nanoparticle (NP) catalysts
(Au/MOx) have great potential for environmental purification
and green sustainable chemical processes because a lot of
Au/MOx are active at room temperature, unlike supported pal-
ladium or platinum catalysts [1,2]. However, the origin of the
unique catalytic activity of Au/MOx remains unclear because of
the complexity of the various physicochemical parameters af-
fecting its catalytic activity. This lack of understanding limits
the applications prospects of this promising catalyst.

To simplify this complexity, many researchers have used CO
oxidation as a model reaction because of simple reaction stoi-
chiometry. According to their reports, the physicochemical
parameters affecting the catalytic activity are the size of the Au
NPs, the interaction between the Au NPs and MOy, and the na-
ture of MOx. Among these parameters, the size of the Au NPs
[3,4] and the Au NPs-MOx interaction [5,6] have been relatively

well-discussed because they can be tuned by the choice of
preparation method and calcination conditions. Specifically, to
achieve high CO oxidation activity, the Au NPs should be small-
er than 5 nm and strongly attached to the appropriate MOx. In
contrast, the effect of the MOx support on the catalytic activity
of Au/MOx is not yet inadequately understood because of the
difficulty in systematically comparing a wide variety of MOx.
This difficulty can be attributed to two causes. First, in previous
studies, a variety of different preparation procedures have
been used to obtain Au/MOx catalysts to compare. Because the
preparation procedures strongly affect the catalytic activity,
this hampers a simple comparison of the contributions of MOx
to each Au/MOx catalyst. Therefore, to enable a systematic
comparison, Au catalysts supported on a wide variety of MOx
should be prepared using the same preparation method under
the same calcination conditions. Co-precipitation and deposi-
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tion-precipitation [7] are good candidates because both meth-
ods are very common and can easily provide the above men-
tioned highly active Au/MOx catalysts in most cases.

Second, there is limited understanding of the parameters of
MOy that affect the catalytic activity of Au/MOx. Some research-
ers have explored the relevance of various parameters of MOx
such as its reducibility [8,9] and oxygen storage capacity [10].
However, there is no general consensus about which parame-
ters affect the catalytic activity, hindering systematic compari-
sons between different MOx supports. Therefore, a new param-
eter of MOx should be proposed to allow us to conduct such a
comparison.

Previously, we proposed that oxygen molecules are activat-
ed at the perimeter interface between Au NPs and MOy and that
the formation of active sites may be related to the presence of
oxygen vacancies in the perimeter region [1]. This proposition
is strongly supported by several studies investigating Au/TiOz>.
First, Widmann et al. [11] reported that lattice oxygen at the
perimeter interface of Au/TiOz is easily desorbed in CO atmos-
phere. Maeda et al. [12] observed oxygen vacancies at the
Au/TiOz interface during CO oxidation. Based on these findings,
it is reasonable to suggest that the onset of catalytic activity in
Au/MOx depends critically on the desorption of the lattice oxy-
gen at the perimeter interface induced by the deposition of Au
NPs on MOx. On the other hand, Saavedra et al. [13] have re-
ported the results of theoretical calculations that oxygen va-
cancies are not involved in CO oxidation.

In this communication, we aim to provide new insight into
the nature of MOx in Au/MOx systems and to improve their ap-
plication capability. We prepared Au catalysts supported on a
wide variety of MOx by using co-precipitation and deposi-
tion-precipitation techniques under the same calcination con-
ditions. To isolate the contribution of MOy, we measured and
compared the catalytic activities of MOx and Au/MOx for CO
oxidation and then discussed the catalytic improvement effect
by depositing Au NPs on MOx. To enable a systematic compari-
son, we introduced the metal-oxygen bonding energy of MOx
(Em-0) as an indicator of the ease of lattice oxygen desorption,
assuming that Em-o is related to the catalytic activity enhance-
ment induced by the deposition of Au NPs on MOx. This hy-
pothesis was inspired by Balandin volcano plots which reflect
the Sabatier principle, which states the reaction kinetics can be
correlated with thermodynamic properties of heterogeneous
catalysts [14].

For this investigation, a variety of MOx (M: Al, Ti, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Zr, Nb, Ru, Rh, Pd, Ag, In, La, Ce, Ir, Pt, and Bi) was
choosen. This series, which includes most MOy, excludes SiOz,
VOx, M00Oy, and WOx. SiOz was excluded because its catalytic
activity is too low to be measured, while VOx, M0Ox, and WOx
were excluded because of the technical difficulties faced when
attempting to deposit Au NPs.

First, Au NPs supported on various MOx (Au/MOy, M: Al, Cr,
Fe, Co, Ni, Cu, Zn, Zr, Ru, Rh, Pd, Ag, In, La, Ce, I, Pt, and Bi) with
Au/M atomic ratios of 1/19 (Au loading: 6-12 wt%) were pre-
pared by co-precipitation [7]. To prepare every Au/MOx except
for Au/Ag20 and Au/Bi203, 200 mL of a HAuCls (1 mmol)
aqueous solution was first added to an aqueous solution of

M(NO3)x or MClx (19 mmol) and stirred at 343 K. In the prepa-
ration of Au/Ag20, Au(OH)s (1 mmol) was used as a Au pre-
cursor instead of HAuCls, and in the preparation of Au/Bi20s3,
Bi(NOs3)3-5H20 was dissolved in an aqueous solution of nitric
acid (pH = 1) to avoid hydrolysis to form basic salt such as
Bi(OH)2:NOs3 or (Bi0)2(OH)NOs. Next, each mixture was poured
into an aqueous solution of NazCO3 (0.12 mol/L, 200 mL) under
vigorous stirring at 343 K, except in the case of Au/Bi20s. For
Au/Bi203, the Na2CO3 aqueous solution was substituted by a
NaOH aqueous solution (1 mol/L), and the NaOH aqueous solu-
tion was then added until the precipitate was completely
formed. All of the precipitates were aged at 343 K for 1 h and
then washed with distilled water (313 K) until the pH of a su-
pernatant stabilized. The filtrated precipitates were dried at
353 K overnight and then calcined at 573 K for 4 h in air (20
vol% 02 in Nz; oxidative atmosphere). The MOy catalysts with-
out gold were also prepared by the same procedure without
the addition of the Au precursors.

Au/Nb20s was prepared by hydrothermal synthesis [15] at
a Au/Nb atomic ratio of 1/19. NH4(NbO(C204)2(H20)2)(H20)3
(Nb: 6 mmol) and Au(en)2zCls (Au: 6/19 mmol) were added to
40 mL of water under stirring. The mixture was placed in a
Teflon-lined cylindrical autoclave and then heated at 448 K for
24 h in air. The solid residue was filtered, washed with water,
dried at 353 K, and then calcined at 573 K for 4 h in air.
Au/Nb20s was also prepared by deposition-precipitation [7],
and calcined at 573 K for 4 h in air. Au(en)2Cl3z was used as a Au
precursor. The gold loading of this catalyst was 1 wt%. Nbz0s
was prepared by the same procedure without the addition of
the Au precursor.

Some supported Au catalysts (Au/MOyx, M: Al, Ti, Mn, Fe, Zr,
and Ce) were provided by Haruta Gold Inc. These catalysts
were prepared by deposition-precipitation and had been cal-
cined at 573 K for 4 h in air before receipt. The gold loadings of
these catalysts were 1 wt%. TiOz (Degussa, P25) and MnO2
were purchased from Nippon Aerosil and Chuo Denki, respec-
tively. All the catalysts (prepared and provided) were passed
through 120-mesh sieves and pretreated at 523 K for 1 h in air
before catalytic activity measurements and characterization.

Catalytic activity measurements for CO oxidation were car-
ried out using a U-shaped glass fixed-bed flow reactor. The
mass of the catalyst was 150 mg, and the reaction temperature
ranged from 173 to 700 K. The reactant gas (1% CO in air) was
passed through the catalytic bed at a rate of 50 mL/min using a
mass flow controller (hourly space velocity of 20000 h-1 mL
gcar1). The compositions of the effluent gases were determined
by gas chromatography (Ohkura Riken model-802 and Shi-
madzu GC-8A). The moisture content of the reactant gas was
monitored by a dew-point meter (Air Liquid DPO-6) and was
controlled in the range from 50 to 200 ppm. X-ray diffraction
(XRD) patterns were recorded with a diffractometer (Rigaku
RINT-TTR III) using a Cu K, radiation operating at 50 kV and
300 mA over the 28range of 10° to 70°.

Fig. 1(a) shows the correlation between the T1/2 values (the
temperature for 50% conversion of CO in CO oxidation) of sim-
ple MOx and its standard heat of formation per oxygen atom
(-AHP). T1/2 was measured in a stream of 1 vol% CO in air un-
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