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A B S T R A C T

A series of gold catalysts deposited on various single-phase manganese oxides (MnOx, including MnO2,

Mn2O3 and Mn3O4) were studied in relation to their performance in the low-temperature oxidation of CO.

Gold was deposited onto the MnOx support by deposition–precipitation with urea (DP urea). The activity

of the Au/MnOx catalysts for CO oxidation strongly depends on the nature of the manganese oxide

support, ranking in the order Au/Mn2O3 > Au/MnO2 > Au/Mn3O4. Transmission electron microscopy

(TEM) results revealed different particle size distributions of gold for these Au-based catalysts, among

which the Au/Mn2O3 catalyst showed the highest gold dispersion. Temperature programmed reduction

(TPR) experiments indicated that the reducibilities of Au/MnOx catalysts follow the same sequence with

the activity. X-ray photoelectron spectroscopy (XPS) results suggested that both metallic and cationic

gold species existed in the Au/Mn2O3 catalyst, while only metallic gold species were present in the other

catalysts. The unique surface redox properties of Mn2O3 show great superiority for anchoring and

dispersing of gold nanoparticles, which in turn leads to a higher reducibility of Mn2O3 and activity of the

Au/Mn2O3 material for CO oxidation.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Catalytic oxidation of CO has been of considerable interest
recently due to its relevance in many industrial applications such
as gas purification in CO2 lasers, CO gas sensors, air-purification
devices for respiratory protection, and pollution control devices for
reducing industrial and environmental emission [1]. Convention-
ally, the use of noble metals such as Pt or Pd dispersed on various
supporting materials for this reaction is well documented [2,3]. In
recent years, supported gold catalysts have attracted tremendous
attention owing to the notable discovery by Haruta that catalysts
containing nanosized gold particles have extraordinary activities
for low-temperature CO oxidation [4]. It has been well established
that apart from the gold particle size, the choice of support plays a
key role in the development of active gold catalysts [5–10]. Gold
supported on reducible oxides is generally considered to be more
active and stable than that supported on non-reducible oxides
(SiO2, Al2O3, etc.). Exceptionally high activities for CO oxidation
have been reported for finely dispersed Au on reducible oxides,
such as TiO2, CeO2, Fe2O3, Co3O4 and MnOx [8–13]. The essential
role of the reducible support is believed to provide oxygen
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adsorption and activation sites, possibly the oxygen vacancies or
reactive perimeter sites at gold–oxide interface, which in turn can
afford large amount of highly mobile oxygen species being able to
react with CO [7,11].

Manganese oxides, both bulk and supported, have long been
used as highly active, durable and low cost catalysts for various
reactions such as the oxidation of carbon monoxide, methane and
hydrocarbons [14–16]. When combined with gold nanoparticles,
significantly enhanced activity has been achieved over Au/MnOx

system for CO oxidation [12,13,17–19] and solvent-free alcohol
oxidation [20,21]. To date, the Au/MnOx catalysts reported in the
literature were mostly prepared by coprecipitation [12,13,18],
which however has the disadvantage that the resulting gold
particles are mainly embedded in an ill-defined manganese matrix
comprising undecomposed Mn carbonates or multivalent man-
ganese oxides. The complexity of the structural characteristics of
the support along with the difficulty in controlling the Au particle
size made it difficult to understand more deeply the catalytic
mechanism of the Au/MnOx catalysts [12]. It is thus of great
interest to study the effects of support structure on the catalytic
properties of Au/MnOx catalysts by using phase-pure manganese
oxides as the support materials.

In the present work, aiming to clarify the nature of the active
sites and the role of the reducible oxide support in the catalytic
behavior of gold catalysts, we investigated the catalytic activity of
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gold catalysts supported on single-phase manganese oxides with
different phase structures, including MnO2, Mn2O3 and Mn3O4,
in the oxidation of CO. The structure–activity relationship of the
Au/MnOx materials are discussed in the light of a preliminary
characterization of the physicochemical properties of the catalysts
by X-ray diffraction (XRD), transmission electron microscopy
(TEM), temperature programmed reduction (TPR) and X-ray pho-
toelectron spectroscopy (XPS).

2. Experimental

2.1. Catalyst preparation

Three different kinds of manganese oxides nominal composi-
tion MnO2, Mn2O3 and Mn3O4 were prepared using the solution-
based or solid-state reaction procedures described in Refs. [22] as
follows: (a) A 100 mL solution containing equal amount of
MnSO4

�H2O and (NH4)2S2O8 (both ca. 0.08 M) was hydrothermally
processed at 393 K for 12 h followed by filtration and washing to
obtain MnO2. (b) Mn2O3 was prepared by calcination of MnCO3

sample (AR) at 773 K in flowing air for 4 h. (c) Mn3O4 was obtained
by an initial calcination of an MnCO3 sample at 673 K in flowing N2

for 4 h followed by an air exposure for 2 h.
Gold catalysts supported on the as-synthesized manganese

oxides with a nominal Au loading of 8 wt.% were prepared by the
method of deposition–precipitation with urea (DP Urea) as
developed by Zanella et al. [23]. In a typical procedure, 3.6 g of
urea was dissolved in 200 mL of 1.46 mmol L�1 HAuCl4 solution
with a nominal Au loading of 8 wt.% at room temperature. 1.86 g of
MnO2 support was then added to this solution. The temperature
of the resulting slurry was increased gradually to 363 K and
maintained for 4 h. The solid mass was filtered, washed several
times with distilled water and dried at 373 K in air for 10 h. The Au/
MnO2 and Au/Mn2O3 samples were then calcined at 573 K for 4 h in
static air. The Au/Mn3O4 sample was calcined at 573 K for 4 h in
flowing N2.

2.2. Catalyst characterization

The BET specific surface areas of the calcined catalysts were
determined by adsorption–desorption of nitrogen at liquid nitrogen
temperature, using a Micromeritics TriStar 3000 equipment. Sample
degassing was carried out at 573 K prior to acquiring the adsorption
isotherm. Elemental analysis with respect to Au loading was
performed using ion-coupled plasma (ICP) atomic emission spectro-
scopy on a Thermo Electron IRIS Intrepid II XSP spectrometer. The
samples were dissolved in a mixture of concentrated HCl and HNO3

with volumetric ratio of 3/1 prior to the analysis.
TEM images were recorded on a JEOL 2011 electron micro-

scope operating at 200 kV. Before being transferred into the TEM
Table 1
Physicochemical properties and catalytic activity results of various Au/MnOx catalysts.

Sample Au loadinga (wt.%) SBET (m2 g�1) dAu
b (n

MnO2 – 16 –

Mn2O3 – 37 –

Mn3O4 – 59 –

Au/MnO2 2.2 10 13.1

Au/Mn2O3 2.9 29 2.2

Au/Mn3O4 2.7 46 1.8/19

a Determined by ICP-AES analysis.
b Average gold particle size estimated by statistical analysis from TEM results.
c The temperature at the maximum of the main reduction peak in the TPR profiles.
d The temperature at which the conversion was 50%.
e The specific reaction rate of CO oxidation at low conversions under a kinetically co
f The average size of the small gold particles and the average size of the large ones.
chamber, the samples dispersed with ethanol were deposited onto
a carbon-coated copper grid and then quickly moved into the
vacuum evaporator. The powder XRD patterns of the samples were
collected on a Bruker D8 Advance X-ray diffractometer using nickel
filtered Cu Ka radiation with a voltage and current of 40 kV and
20 mA, respectively.

TPR profiles were obtained on a homemade apparatus loaded
with 20 mg of catalyst. TPR experiments were carried out in 5% H2/
Ar flowing at 40 mL min�1, with a ramping rate of 10 K min�1 to a
final temperature of 900 K. The H2 consumption was monito-
red using a TCD detector. XPS spectra were recorded with a
PerkinElmer PHI 5000C system equipped with a hemispherical
electron energy analyzer. The Mg Ka (hn = 1253.6 eV) was
operated at 15 kV and 20 mA. The binding energy (BE) scale was
referenced to the C 1s peak (284.6 eV) arising from adventitious
carbon in the sample.

2.3. Catalytic activity tests

The catalytic activity tests were performed at atmospheric
pressure in a quartz tube micro reactor (i.d. 3 mm). The catalyst
weight was 50 mg, and the total flow rate of the reaction gas was
50 mL min�1, with a composition of 1% CO–20% O2 (balanced with
He). Prior to CO oxidation reaction, the calcined gold catalysts were
in situ treated under flowing He (20 mL min�1) at 473 K for 0.5 h.
The range of reaction temperature was from 200 to 673 K with a
ramping rate of 2 K min�1. The composition of the influent and
effluent gas was detected with an online GC-17A gas chromato-
graph equipped with a TDX-01 column. The conversion of CO was
calculated from the change in CO concentrations in the inlet and
outlet gases. The turnover frequency (TOF) is calculated on the
basis of surface gold atoms estimated by the model of hemi-
spherical ball.

3. Results and discussion

3.1. Structural and textural properties of the catalysts

The physicochemical properties for various manganese oxides
and corresponding Au/MnOx catalysts are reported in Table 1. The
measured BET data show that Mn3O4 has the highest BET surface
area (59 m2 g�1) and the lowest one is observed for MnO2

(10 m2 g�1). When gold was deposited onto the surface of the
oxides, a moderately reduced BET surface area was identified for all
Au-containing samples, with the variation trend unchanged. The
specific surface areas are 10, 29, 46 m2 g�1 for Au/MnO2, Au/Mn2O3

and Au/Mn3O4 catalyst, respectively. The nominal gold loading is
3% for these catalysts. However, the real gold loading of these gold
catalysts as determined by ICP-AES technique varied within the
range of 2.2–2.9%. The diversity in gold loading level may be
m) Tmax
c (K) T1/2

d (K) rCO
e (mmolCO gAu

�1 s�1)

642 427 –

717 408 –

732 503 –

612 360 0.051

574 231 1.50

.5f 730 411 0.014

ntrolled regime at 298 K.



Fig. 1. XRD patterns of various MnOx supported gold catalysts: (a) Au/MnO2, (b) Au/

Mn2O3 and (c) Au/Mn3O4.
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related to the different surface acid–base properties of the man-
ganese oxides originating from the various phase structures (as
shown below).

Fig. 1 shows the XRD patterns of the as-prepared gold catalysts
supported on different manganese oxides. It may be noted here
that compared with the XRD patterns of the parent support
materials (not shown here), the addition of Au produced no
structural changes in the manganese oxide phases. The XRD
pattern of the as-prepared Au/MnO2 sample (Fig. 1a) is featured
with broad and weak diffraction lines, which can be mainly
attributed to a tetragonal phase of a-MnO2 (JCPDS 44-0141). In
addition, sharp diffraction peaks due to metallic gold crystallites
can also be discerned, indicating the presence of large gold
particles in the Au/MnO2 sample. The XRD pattern of the as-
synthesized Au/Mn2O3 sample (Fig. 1b) shows well-defined
diffraction characteristics of a-Mn2O3 (bixbyite, JCPDS 41-1442).
For the Au/Mn3O4 sample, all the reflections in the XRD pattern
(Fig. 1c) could be perfectly indexed to g-Mn3O4 (JCPDS 24-0734).
No distinct gold reflections are visible in the patterns of samples
Au/Mn2O3 and Au/Mn3O4, owing to the fact that the strongest
reflection from gold overlaps with that of a-Mn2O3 and g-Mn3O4 at
2u = 38.28.

Representative transmission electron micrographs for the Au/
MnO2, Au/Mn2O3 and Au/Mn3O4 samples are shown in Fig. 2,
where the metal particle size distribution established from
the measurement of 200 particles with 95% confidence interval
for each sample is also reported. The low-resolution electron
micrograph shows that the MnO2 is composed of small (10–
30 nm) overlapping particles. Similar Mn2O3 particles were also
observed with the Au/Mn2O3 catalyst, in sharp contrast to the
distinct plate-like morphology of the Mn3O4 observed for the Au/
Mn3O4 material. Easily detectable Au particles (evidenced by the
arrow in Fig. 2) and a narrow distribution with an average particle
size of ca. 2.2 nm have been observed in Au/Mn2O3. In contrast, the
Au size distribution to Au/MnO2 is broad indicating a large
heterogeneity in size with a significant fraction larger than 10 nm.
An even more interesting size distribution was identified for Au/
Mn3O4. The catalyst displays a bimodal particle size distribution
comprising two populations with average particle diameters of
1.8 and 19.5 nm, respectively. The mean gold particle size is
3.4 nm.

One notable advantage associated with the method of DP Urea
for preparing supported Au catalyst is that complete deposition of
gold onto TiO2 or other oxide supports can be readily achieved [23],
in contrast to the DP NaOH way in which much lower fraction of
gold can be deposited [5]. However, the applicability of DP Urea
still strongly depends on the nature of the substrate materials [24].
In this respect, it is not suitable for deposition of gold catalysts onto
the oxide supports with point of zero charge (PZC) less than 6 [24].
In the present study, according to the literature [25–27], the PZC of
MnO2, Mn2O3 and Mn3O4 was determined to be <2.4, 6.7 and >10,
respectively. Therefore, the presence of large gold particles and
the relative lower gold loading for Au/MnO2 sample can be
well explained by the highly acidic nature of MnO2. In contrast,
small and uniform gold nanoparticles were obtained on the Mn2O3

thanks to its moderate PZC. As for Au/Mn3O4, the bimodal
size distribution of gold particles may be caused by the inert
pretreatment atmosphere. It has been reported that pretreatment
of Au/TiO2 catalyst in oxidic atmosphere can lead to the formation
of positive gold species affording a stronger metal-support
interaction and better stability against sintering [28]. In addition,
a recent study on the nucleation of gold clusters on TiO2(1 1 0)
surfaces in three different oxidation states showed that a much
stronger Au oxide-support adhesion exists on O-rich Au-support
interfaces than on O-poor oxide-support surfaces [29]. Likely, the
treatment of Au/Mn3O4 sample in the inert atmosphere may lead
to the reduction of AuOx and the formation of oxygen-deficient Au-
support interface bearing weak bonding strength, which may
account for its poor stability against sintering. The bimodal size
distribution of gold particles may be an indication for an Ostwald
ripening mechanism [30], operating via detachment and con-
densation of mobile Au or AuOx species.

3.2. Redox properties

TPR experiments were carried out to investigate the redox
properties of various MnOx-supported gold catalysts. Fig. 3
presents the reduction profiles of these catalysts. For comparison,
the TPR profiles of the parent manganese oxides are also included.
The temperatures at peak maximum (TM) for various samples are
given in Table 1. The MnO2 sample exhibits two reduction peaks,
the first one at 642 K ð7:55 mmolH2

g�1Þ and the second one at
723 K ð3:62 mmolH2

g�1Þ, indicating the stepwise reduction of
manganese oxides [31]. According to the literature, the low-
temperature (LT) peak may be roughly attributed to the reduction
of MnO2 to Mn3O4, whereas the high-temperature (HT) peak is
attributed to the consecutive reduction of Mn3O4 to MnO [31].
When Au was added to MnO2, the two reduction peaks became
closer and shifted to lower temperatures, with the ratio of H2

consumption almost unchanged. This shift in the surface MnO2

reduction with respect to Au addition can be attributed to the
presence of spillover effect involving either hydrogen activated on
the metal phase or the mobile lattice oxygen induced by intimate
metal-support interactions [32].

The TPR profile of Au/Mn2O3 shows two peaks at temperatures
above 470 K, with the highest TM located at 574 K. A close
comparison of the profile for Au/Mn2O3 with those for Mn2O3 and
Au/MnO2 catalysts reveals that the presence of Au nanoparticles
strongly promotes Mn2O3 reduction, as reflected by the significant
shift of the reduction maxima (TM) of the main reduction peak to
lower temperatures. Moreover, in contrast to the doublet reduction
feature of Mn2O3 and Au/MnO2 samples, the Au/Mn2O3 catalyst
show additional low-temperature reduction feature of relatively



Fig. 2. TEM images and gold particle distributions of various MnOx supported gold catalysts: (a) and (d), Au/MnO2; (b) and (e), Au/Mn2O3; (c) and (f), Au/Mn3O4.
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Fig. 3. TPR profiles of various MnOx and corresponding supported gold catalysts: (a)

MnO2, (b) Au/MnO2, (c) Mn2O3, (d) Au/Mn2O3, (e) Mn3O4 and (f) Au/Mn3O4.
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weak intensity located at ca. 430 K ð0:89 mmolH2
g�1Þ. This obser-

vation, together with the fact that the Au/a-Mn2O3 material shows
comparable overall H2 consumption ð6:25 mmolH2

g�1Þwith that for
a-Mn2O3 sample ð6:51 mmolH2

g�1Þ; strongly suggests that the
Fig. 4. Au 4f XPS spectra of various MnOx supported gold catalysts
manganese oxide substrates are ‘‘activated’’ to a larger extent in the
Au/Mn2O3 catalyst.

For sample Mn3O4, the reduction profile contains only one peak
at 730 K. The addition of gold resulted in the appearance of a
new weak reduction peak at lower temperature (ca. 614 K,
0:75 mmolH2

g�1), with the position of the main reduction peak
(730 K, 3:06 mmolH2

g�1) unaltered, indicating that the presence of
gold has limited influence on the reducibility of Mn3O4 although the
Au/Mn3O4 sample contains a proportion of small gold particles
(Fig. 2f). At this juncture, it is interesting to point out that despite an
appreciably larger average particle size, the reduction temperature
of MnO2 shifted to lower temperature when gold is added to MnO2

support (see Fig. 3b). Presumably, the redox properties of the Au–Mn
catalysts are largely determined by the specific nature of the Au-
support interface rather than by the gold particle size.

3.3. Surface chemical states

The Au 4f XPS spectra of various Au/MnOx catalysts before and
after CO oxidation are presented in Fig. 4. Broad peaks of Au 4f7/2

and Au 4f5/2 states are observed in all Au/MnOx samples, indicating
the possible presence of both metallic and ionic gold species
[33,34]. Fig. 4 illustrates the deconvolution analysis results of the
Au 4f spectra for various catalysts. The detailed XPS parameters of
all samples are summarized in Table 2. It was found that the Au 4f
peaks with respect to Au/MnO2 and Au/Mn3O4 samples before and
after reaction could be well fitted by one component, suggesting
that only one kind of Au species, i.e., Au0, existed in the samples. In
contrast, for sample Au/Mn2O3, quantitative deconvolution of the
Au 4f peaks resulted in a composition of about 88% metallic
(83.9 eV) and 12% partially oxidized Au species (86.2 eV) for the
fresh catalyst. After CO oxidation reaction, the fraction of the
oxidized Au species increased to 20% (Table 2), thus indicating the
presence of two kinds of Au species in the Au/Mn2O3 catalyst. The
before and after reaction: (a) fresh catalysts, (b) used catalysts.



Table 2
XPS results of Au/MnOx catalysts before and after reaction in CO oxidation.

Catalyst BE of Au 4f7/2 (eV) Fraction of Au species (%) BE of Mn 2p3/2 (eV) Au/Mn OT/Mna OL/Mnb

Au/MnO2 83.8 100 642.0 0.026 2.39 1.24

Used Au/MnO2 83.9 100 642.1 0.025 2.22 1.13

Au/Mn2O3 83.9 88 641.8 0.095 2.28 0.98

86.2 12

Used Au/Mn2O3 83.9 80 641.7 0.082 1.97 0.86

86.2 20

Au/Mn3O4 83.8 100 641.4 0.038 3.07 0.93

Used Au/Mn3O4 83.8 100 641.6 0.035 4.15 0.76

a OT, total surface oxygen.
b OL, surface lattice oxygen.
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relative increase of the proportion of the positively charged gold
species is understandable when considering the fact that excess
oxygen is present under reaction conditions. Presumably, these
cationic gold species are located at the Au-support interface.
Similar to our findings, the presence of positively charged gold
species has also been reported in the Au/CeO2 system even after
reductive pretreatment at 673 K [34]. By using Mössbauer
spectroscopy in combination with a range of complementary
spectroscopies, Daniells et al. [35] have proposed that cationic gold
plays a crucial role in catalyzing CO oxidation over Au/Fe2O3

catalyst. In the present work, the absence of cationic gold species in
the Au/MnO2 and Au/Mn3O4 samples could be explained by the
presence of large gold particles and the oxygen-poor nature of Au-
support interface induced by the specific treatment conditions,
respectively. It is known that large gold particles are difficult to
oxidize under mild conditions. However, on considering the
oxidative pretreatment of Au/MnO2 catalyst, we cannot rule out
the possibility that oxidized gold species are present at the
perimeter between Au and MnO2 with the amount being too low to
be detected by XPS.

Fig. 5 compares the Mn 2p XPS spectra for various catalysts
before and after reaction, respectively. The Au/MnO2 catalyst
shows an asymmetric Mn 2p3/2 peak located at 642.1 eV indicating
the presence of Mn4+. The BEs of Mn3/2 shifted to lower values in
the following order: Au/MnO2 > Au/Mn2O3 > Au/Mn3O4. In addi-
tion, it can be seen from Table 2 that there is no significant change
in terms of BE for both fresh and spent catalysts. Additional
information regarding the O 1s core level data of the Au/MnOx

materials is presented in Fig. 6. The O 1s main peak at ca. 529 eV is
attributed to the lattice oxygen bonded to Mn atoms [13].
Moreover, distinct shoulders are visible on the high binding
energy sides of the main peaks. Similar shoulder features have also
been observed in the O 1 s XPS spectra of Au/MnOx catalysts
prepared by aqueous coprecipitation and were assigned to a
mixture of hydroxyl groups and adsorbed water on the surface of
catalysts [18]. As expected, the peak intensity with respect to
lattice oxygen decreased following an order of Au/MnO2 > Au/
Mn2O3 > Au/Mn3O4. After reaction, the proportion of the oxygen
species varied to different extents for these catalysts.

The surface compositions in terms of Au/Mn and O/Mn molar
ratios are summarized in Table 2. It is clear that the Au/Mn2O3

catalyst has the highest Au/Mn ratio, which is an indication of the
highest gold dispersion among the three catalysts. After reaction,
no significant variation of the Au/Mn ratio was found for these
catalysts except that of the Au/Mn2O3 catalyst, i.e., from 0.95 to
0.82. This may be caused by thermal sintering of the very small
gold nanoparticles during the reaction. On the other hand, the
molar ratios of the total amount of surface oxygen (OT) to Mn are
significantly higher than the stoichiometric value in the MnOx

materials. This indicates the presence of a high concentration of
oxygen-containing adsorbates, most likely hydroxyl groups or
water, on the surface of Au/MnOx catalysts. The peak deconvolu-
tion of the O 1s lines gives more information about the relative
amount of different surface oxygen species. As shown in Table 2,
the molar ratios of surface lattice oxygen (OL, 528. 7 eV) to Mn for
all samples are smaller than the stoichiometric value in the
corresponding MnOx, inferring the presence of surface oxygen
vacancies which however are filled by water or hydroxyl groups. It
is believed that these oxygen vacancies could be regenerated under
reaction conditions and could play a key role in the activation of
adsorbed molecular O2. After reaction, the OL/Mn ratios decreased
for all catalysts. This result may imply that the lattice oxygen of the
Au/MnOx catalysts participated in the oxidation reaction process.

3.4. Catalytic activity for CO oxidation

The catalytic performances of MnOx-supported gold nanopar-
ticles in CO oxidation are shown in Fig. 7, where the CO conversion
is reported as a function of temperature (light-off test). For
comparison, the activities of the parent manganese oxides are also
included. It is clear that the activities of the supported gold
catalysts are notably higher than those for the corresponding
parent support materials, with the highest enhancement in
activity being achieved over Au/Mn2O3 catalyst. The temperature
at which the conversion was 50% (T1/2) for Mn2O3 is 407 K, which
is in good agreement with the literature results under similar
conditions [36] and is 176 K higher than that for Au/Mn2O3

(Table 1). The T1/2 value for the Au/MnO2 catalyst was 360 K, ca.
70 K lower than the MnO2 support. This is a little surprising when
considering its relatively large gold particle size. In contrast, for
the Au/Mn3O4 catalyst, despite the presence of very small gold
particles (1–3 nm, see above), CO oxidation catalysis did not occur
at low temperature as expected, since a 50% value of conversion is
only attained well beyond 400 K. Furthermore, Table 1 compares
the specific activities in terms of reaction rates (rCO) that are
normalized to gold mass for the three Au/MnOx catalysts. It can be
seen that the reaction rate follows the same trend with that in
Fig. 7, i.e., Au/Mn2O3 > Au/MnO2 > Au/Mn3O4. The reaction rate
of the Au/Mn2O3 is almost two magnitudes higher than those of
other two catalysts.

The catalytic activity of the Au/Mn2O3 catalyst was further
compared with other reported gold catalysts in the oxidation of CO.
The intrinsic activities in terms of the mass-specific reaction rates
(mmolCO gAu

�1 s�1) based on total gold atoms as well as the
turnover frequencies (TOF) based on surface gold atoms are listed
in Table 3. It is known that the catalytic performance of gold
catalysts can be greatly influenced by gold particle size, the type of
support and reaction conditions [7]. Therefore, comparison of
activities for different catalytic systems is usually difficult.
However, there are general agreements that small gold particle
size is indispensable for its high activity and that gold supported on
reducible oxides is more active than gold supported on non-



Fig. 5. Mn 2p XPS spectra of various MnOx supported gold catalysts before and after

reaction: (a) fresh catalysts, (b) used catalysts.
Fig. 6. O 1s XPS spectra of various MnOx supported gold catalysts before and after

reaction: (a) fresh catalysts, (b) used catalysts.
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reducible oxides (e.g. SiO2, g-Al2O3) [5]. These conclusions can also
be corroborated by the data presented in Table 3. A rough
comparison of the mass-specific reaction rate and TOF with other
gold catalysts under similar reaction conditions reveals that the
Au/Mn2O3 catalyst appears to be among the most active Au-based
catalysts reported thus far [8,37–40].

Based on the above activity results, it seems that the gold
particle size is not the decisive factor to obtain a highly active gold
catalyst in the low-temperature CO oxidation. While little or no
clear correlation between catalytic activity and gold particle size
has been identified in the literature, several other parameters such
as the oxidation state of gold species and the metal-support
interaction have been suggested as determining factors [7]. At this
juncture, it is important to note that the present TPR experiments



Fig. 7. The catalytic performance of various MnOx and corresponding supported gold

catalysts. (*) Au/MnO2, (*) MnO2, (&) Au/Mn3O4, (&) Mn3O4, (~) Au/Mn2O3, (~)

Mn2O3. Reaction conditions: 50 mg catalyst, 1% CO–20% O2 balanced with He,

50 mL min�1.

Fig. 8. Time-on-stream change of CO conversion over various MnOx supported gold

catalysts in a feed stream containing 1% CO and 20% O2. (a) 200 mg Au/Mn3O4 at

323 K, (b) 50 mg Au/MnO2 at 323 K, (c) 5 mg Au/Mn2O3 at 293 K, (d) 5 mg Au/

Mn2O3 at 323 K, (e) 5 mg Au/Mn2O3 at 353 K.
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clearly demonstrated that the reducibility of MnO2 was improved
to a larger extent by the addition of Au, as opposed to the Au/
Mn3O4 system. This indicates the presence of a stronger metal-
support interaction in Au/MnO2 material, despite its slightly
larger mean gold particle size. In this sense, it may be deduced
that the metal-support interaction plays a more important role in
controlling the activity of the catalyst. As for Au/Mn2O3, the highest
activity can be well explained by the smallest mean gold particle
size combined with its strongest metal-support interactions
among these catalysts.

It has been widely accepted that CO oxidation over
manganese oxides proceeds via the Mars-van-Krevelen mechan-
ism which involves the reaction of adsorbed CO with the labile
lattice oxygen [41]. The reactivity is associated with the capacity
of manganese to form various oxidation states, e.g., redox
reaction of Mn2+/Mn3+ or Mn3+/Mn4+, and ‘‘oxygen mobility’’ in
the oxide lattice. With respect to this, it is important to note that
in the present study, the addition of gold can have notable
influence on the redox properties of the manganese oxide
supports. On the one hand, gold enhances the reactivity of
manganese oxides by modifying the rate of vacancy exchange
between the bulk and the oxide surface, and by facilitating the
migration of oxygen vacancies from the bulk to the oxide surface
[42]. On the other hand, the addition of Au can significantly
promote the CO adsorption properties, consequently enhancing
the reaction activity. Based on the above results, it is apparent
Table 3
Comparison of the specific activities for CO oxidation over various gold catalysts at 29

Catalyst dAu (nm) pCO, pO2 (kPa)

Au/Mn2O3 2.2 1.0, 20

Au/Fe2O3 6.5 1.0, 20

Au/Fe2O3 3.6 1.0, air

Au/Co3O4 �2 1.0, air

Au/TiO2 3 1.0, air

Au/TiO2 2.9 1.0, air

Au/Al2O3 2.4 1.0, air

Au/SiO2 6.6 1.0, air

a The turnover frequency (TOF) is calculated on the basis of surface gold atoms estim
that this promotional effect of Au was especially pronounced for
the Au/Mn2O3 catalyst.

The catalytic stability of the various Au/MnOx catalysts in CO
oxidation at 323 K is compared in Fig. 8. To obtain reliable results of
the stability, the mass of catalysts were adjusted to ensure that
conversion was lower than 100%. In the experiments for all
catalysts, a relatively strong initial deactivation was observed over
the first 2 h after the catalyst was put on stream. The deactivation
rate slowed down significantly in the period between 2 and 12 h on
stream, slowly approaching a steady state. The most intensive
deactivation occurred on the Au/Mn3O4 catalyst, with a loss of
activity by 62% after 12 h on stream. The Au/Mn2O3 showed the
best stability among the studied catalysts, with the activity
decayed by 10% during the same period. It is worth mentioning
that extended reaction time of 60 h at 323 K led to a further loss of
activity by ca. 24%. Furthermore, the stability of the Au/Mn2O3

catalyst was tested at two different temperatures (293 and 353 K).
It can be clearly seen that the relative decay was higher at lower
reaction temperatures.

It has been suggested that two main factors may contribute to the
deactivation of Au catalysts, i.e., the change of the morphology of
gold nanoparticles induced by the exothermic nature of CO
oxidation and the accumulation of carbonates blocking the active
sites [43–45]. Considering the rather low activity of Au/Mn3O4 and
Au/MnO2 catalysts, it is unlikely that the deactivation is caused by
the growth of gold particles. This speculation is further supported by
8 K.

rAu (mmolCO gAu
�1 s�1) TOF (s�1) Refs.

1.50 0.55a This study

0.36 0.30 [37]

0.18 0.086 [8]

0.44 0.48 [8]

0.64 0.32 [8]

0.64 0.26 [38]

0.21 0.02 [39]

0.05 0.02 [39]

ated by the model of hemispherical ball.
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the XPS results of surface composition analysis, which indicate that
the surface Au/Mn molar ratio experienced little change after
reaction for the two catalysts (see Table 2). In contrast, the relatively
larger change of Au/Mn ratio (from 0.95 to 0.82) over Au/Mn2O3

suggests that the growth of gold particles may partly account for its
deactivation. This is particularly true when considering the strong
exothermic effect associated with the high activity of Au/Mn2O3

catalyst. On the other hand, in line with previous spectroscopic
observation [42], the improved stability of Au/Mn2O3 at higher
reaction temperatures can be explained by an easier decomposition
of surface-blocking carbonate species. This finding implies that the
carbonate buildup during reaction may also play an important role
in determining the stability of Au/Mn2O3.

4. Conclusion

Gold nanoparticles supported on various manganese oxides,
including MnO2, Mn2O3 and Mn3O4, have been prepared by DP urea
method. The catalytic reactivity followed the order of Au/
Mn2O3 > Au/MnO2 > Au/Mn3O4 in the low-temperature oxidation
of CO. TEM results revealed that very small gold nanoparticles were
evenly dispersed on the surface of Mn2O3, while large gold
crystallites were found on the other two support materials. TPR
experiments indicated that the Au/Mn2O3 catalyst has the best
redox properties among these catalysts, the trend of which
coincided with that of the activity. XPS analysis suggested that
both metallic and cationic gold species existed in the Au/Mn2O3

catalyst, while only metallic gold species were present in the other
catalysts. We proposed that as compared with other Au/MnOx

catalysts, the superior performance of the Au/Mn2O3 catalytic
system in low-temperature CO oxidation could be attributed to the
presence of highly dispersed gold species and to the unique redox
properties originating from the intimate metal-support interactions.
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