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a  b  s  t  r  a  c  t

Nanosized  ˛-MnO2-supported  silver  catalysts  (xAg/nano-MnO2, x = 0–10.0  wt%)  were  prepared  by the
incipient  wetness  impregnation  method  and characterized  by  means  of  numerous  analytical  techniques.
Catalytic  activities  of  the  materials  were  evaluated  for the  oxidation  of  CO  and  benzene.  It  is shown  that
the  loading  of  silver  on  nano-MnO2 could  significantly  modify  the  catalytic  activities  and  the  catalytic
performance  of xAg/nano-MnO2 strongly  depended  upon  the  Ag loading,  among  which  5Ag/nano-MnO2

performed  the  best  for  the  addressed  reactions.  The  excellent  performance  of  5Ag/nano-MnO2 was  asso-

eywords:
anosized alpha-MnO2 supported silver
atalyst
ow-temperature reducibility
ynergistic action
arbon monoxide oxidation

ciated  with  the  highly  dispersed  Ag,  good  low-temperature  reducibility,  and  synergism  at the  interface
of  Ag  and  MnO2 nanodomains.

© 2011 Elsevier B.V. All rights reserved.
olatile organic compound combustion

. Introduction

Catalytic oxidation of carbon monoxide is of considerable inter-
st due to its relevance in many industrial applications, such as
as purification in CO2 lasers, CO sensors, air-purification devices
or respiratory protection, and pollution control devices for reduc-
ng industrial and environmental emissions [1].  Most of volatile
rganic compounds (VOCs) emitted from transportation and indus-
rial activities are harmful to the atmospheric environment and
uman health [2,3]. Therefore, it is of significance to eliminate
he VOCs [4].  The conventional incineration of organic pollutants
sually requires high temperatures (>1000 ◦C), resulting in a rise

n energy consumption. Catalytic oxidation of VOCs, however, has
een generally accepted to be one of the most effective pathways
or the destruction of VOCs at lower temperatures (<500 ◦C). Such

 catalytic strategy possesses advantages of high feasibility, low
peration cost, and high destruction efficiency [5]. The catalyst

mployed is a key issue determining the effectiveness of catalytic
xidation technology.
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In the past years, a number of materials, including supported
noble metals (Pt, Pd, Rh, and Au) [6–8] and base transition-metal
(Cr, Co, Cu, Ni, and Mn)  oxides [6,9,10], have been used as catalyst
for the combustion of VOCs. The former are highly active at lower
temperatures, but their applications are limited due to the high cost
and involved problems related to sintering, volatility, and suscep-
tibly poisoning tendency [6,11,12]. Hence, there is an urgent need
to develop cheaper and active catalysts that exhibit high thermal
stability and great resistance to poisoning.

Bulk and/or supported manganese oxides have long been used
as an active catalyst for the oxidation of carbon monoxide, methane,
and hydrocarbons [13]. Since a single-component catalyst is usu-
ally hard to rival a precious metal catalyst, attempts for enhancing
catalytic activity have been made by combining two or more
transition-metal elements. For example, Mn–Fe composite oxides
showed a higher activity than the zeolite-supported Pt material in
catalyzing the oxidation of oxygen-containing organic compounds
[14]. Loading a small amount of gold nanoparticles on manganese
oxide (i.e., Au/MnOx) could give rise to a significant enhancement
in catalytic activity for the oxidation of CO [15] and alcohol [16].

Although silver is not a good oxidation catalyst in most cases,

it can be utilized as an active component of catalysts for some
deep or partial oxidation. It has been demonstrated that sup-
ported silver catalysts showed good catalytic performance for the
selective oxidation of ethylene to ethylene oxide [17], the oxi-

dx.doi.org/10.1016/j.cattod.2011.04.008
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yeqing@bjut.edu.cn
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ation of acetone and pyridine [18], and the oxidation of VOCs
19]. To the best of our knowledge, no reports on the use of
anosized MnO2-supported Ag as catalyst for benzene combus-
ion have been seen in the literature. Recently, we  have prepared
umerous MnO2-supported transition-metal catalysts and found
hese materials performed well in the combustion of some typ-
cal VOCs. Herein, we report the preparation, characterization,
nd catalytic properties of nanosized Ag/MnO2 with various Ag
oadings for the complete oxidation of carbon monoxide and
enzene.

. Experimental

.1. Catalyst preparation

Alpha manganese oxide was synthesized by mild reduction of
queous solution of KMnO4 (0.12 mol/L) with maleic acid (C4H4O4,
.040 mol/L) at a molar ratio of KMnO4/C4H4O4 = 3 at room tem-
erature (RT). The resulting dark brown gel was kept in air at RT for
4 h, and then filtered and washed with deionized water for sev-
ral times until pH = 7. After being dried at 110 ◦C for about 20 h,
he solid was calcined in air at a ramp of 1 ◦C/min from RT to 450 ◦C
nd maintained at this temperature for 3 h. The resulting ˛-MnO2
ample was denoted as nano-MnO2.

A certain amount of AgNO3 powders was dissolved in 15 mL
f deionized water to generate an AgNO3 solution (0.037, 0.115,
.195, 0.279 or 0.412 mol/L). 6 g of nano-MnO2 powders was

mpregnated with the above AgNO3 aqueous solution under stir-
ing for 24 h. An appropriate amount of 0.5 mol/L NaBH4 solution
NaBH4/Ag+ molar ratio = 3/1) was added dropwise to the mixed
queous solution containing AgNO3 and nano-MnO2 under stir-
ing for 1 h, in which most of the silver ions were reduced to
etallic silver. Finally, the mixture was in turn filtered, washed
ith deionized water, dried at 100 ◦C for 24 h, and calcined

n air at a ramp of 1 ◦C/min from RT to 450 ◦C and main-
ained at this temperature for 3 h. The obtained samples were
enoted as xAg/nano-MnO2 with x = 1.0, 3.0, 5.0, 7.0, and 10.0 wt%,
espectively.

.2. Catalyst characterization

The X-ray diffraction (XRD) patterns of the samples were
ecorded on a Bruker-AXS D8 Advance powder diffractometer by
sing Cu K� radiation (� = 0.15406 nm)  at a voltage and current of
0 kV and 30 mA,  respectively. Transmission electron microscopy
TEM) was employed to take the TEM images of the samples
n a TecnaiG2F20 U-TWIN (America FEI) operated at 200 kV. N2
dsorption–desorption isotherms were measured at −196 ◦C on a
icromeritics ASAP 2010 instrument. Prior to the experiments,

he samples were degassed at 200 ◦C for 2 h. The surface areas
f the samples were determined by the Brunauer–Emmett–Teller
BET) method. XPS spectra of the xAg/nano-MnO2 samples were
ecorded on an ESCA-LAB-220i spectrometer, using Al K� radiation
t a voltage and current of 20 kV and 30 mA,  respectively. The bind-
ng energies of the Ag 3d, Mn  2p, and O 1s were calibrated against
he C 1s signal (284.6 eV) of contaminant carbon. H2 temperature-
rogrammed reduction (H2-TPR) was carried out in the RT −750 ◦C
ange on a Micromeritics AutoChem II 2920 instrument. About
00 mg  of sample was placed in a U-shaped quartz tube, then
reated in O2 (40 mL/min) at 300 ◦C for 1 h, and finally cooled to

T before being reduced in a 5% H2–95% He flow of 25 mL/min
t a ramp of 10 ◦C/min. The thermal conductivity detector (TCD)
esponses were calibrated against that of the complete reduction
f a standard CuO powdered sample (Aldrich, 99.995%).
Fig. 1. The XRD patterns of xAg/nano-MnO2 with x = 0 (a), 1.0 wt% (b), 3.0 wt% (c),
5.0  wt% (d), 7.0 wt% (e), and 10.0 wt% (f).

2.3. Catalytic evaluation

Catalytic activity measurements of the samples for the oxidation
of CO or benzene were carried out in a continuous flow fixed-bed
quartz micro-reactor under atmospheric pressure. 100 mg  of the
catalyst (40–60 mesh) and 200 mg  of quartz sand (40–60 mesh)
were well mixed and loaded to the micro-reactor. The feed gas con-
sisted of (1.08 vol% CO + air), the total flow rate was 100 mL/min,
and the corresponding space velocity (SV) was  60,000 mL/(g h).
Benzene was  chosen as the representative VOC. A N2 flow of
2.8 mL/min passed through a benzene-containing tubular satura-
tor at 30 ◦C, and then mixed with an air flow of 197.2 mL/min, thus
a SV value of 120,000 mL/(g h). In the feed gas mixture, the ben-
zene vapor concentration was 2000 ppm. The effluent gases from
the micro-reactor were analyzed on-line by a Shimadzu GC-14C gas
chromatograph equipped with thermal conductivity detector (TCD)
and a TDX-01 packing column for CO analysis or by a Techcomp
GC-7900 gas chromatograph equipped with a flame ion detector
(FID) and a SE-30 capillary column for organic compound analysis.
The conversion of CO or benzene was calculated according to the
change in CO or benzene concentrations in the inlet and outlet gas
mixtures.

3. Results and discussion

3.1. Crystal phase composition

Fig. 1 shows the XRD patterns of the as-prepared manganese
oxide and its supported Ag catalysts (xAg/nano-MnO2). For the
manganese oxide support, 1Ag/nano-MnO2, and 3Ag/nano-MnO2,
there were diffraction peaks in the 2� range of 20–80◦ (Fig. 1(a)–(c)),
ascribable to the tetragonal ˛-MnO2 phase (JCPDS PDF# 44-0141).
No significant signals assignable to Ag2O or Ag phases were
detected for the 1Ag/nano-MnO2 and 3Ag/nano-MnO2 catalysts.
With the rise in Ag loading from 3.0 to 5.0 wt%, however, weak
diffraction signals due to Ag2O and Ag phases (Fig. 1(d)) appeared
in the 5Ag/nano-MnO2 catalyst. Further increasing Ag loading from
5.0 to 10.0 wt%  resulted in the increase in amount of the Ag2O

and Ag phases. All of the XRD peaks due to the ˛-MnO2, Ag2O,
and Ag phases could be well indexed, as indicated in Fig. 1(e)
and (f). From Fig. 1, one can also observe that there was  a dif-
ference in XRD peak intensity of these catalysts, indicating the
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resence of the ˛-MnO2, Ag2O, and Ag phases with different
rystallinity.

.2. Morphology and surface area

Representative TEM micrographs of the nano-MnO2, 5Ag/nano-
nO2, and 10Ag/nano-MnO2 samples are shown in Fig. 2. There
ere a number of MnO2 nanoparticles that were stacked together

Fig. 2(a)), the lattice spacings of ˛-MnO2 could not be observed
learly, indicating that the ˛-MnO2 phase was not good enough in
rystallinity, in agreement with the result of XRD study (Fig. 1(a)).
s shown in Fig. 1(b), the exposed lattice planes of ˛-MnO2
ere (2 0 0) and (3 1 0), corresponding to the d values of 0.49

nd 0.31 nm that were not far away from those (0.489500 and
.309300 nm,  respectively) of the standard ˛-MnO2 sample (JCPDS
DF# 44-0141). Comparing to the irregularly morphological nano-
nO2 support (Fig. 2(a) and (b)), the nano-MnO2 particles in

Ag/nano-MnO2 (Fig. 2(c) and (d)) and 10Ag/nano-MnO2 (Fig. 2(e)
nd (f)) were sphere-like, with the particle sizes being in the
ange of 15–25 nm.  The clearly aligned lattice fringes in the high-
esolution TEM image of 5Ag/nano-MnO2 (Fig. 2(d)) suggests that
he Ag-loaded MnO2 nanocrystallites possessed a good crystalline
tructure, a result possibly due to the second calcination treatment
t 450 ◦C for 3 h after loading silver; in addition to the (3 1 0) plane
f ˛-MnO2, there was also detection of the exposed lattice planes
2 0 0) and (1 1 1) of Ag0 and (1 1 1) of Ag2O, which corresponded
o the d values of 0.20, 0.24, and 0.27 nm,  rather close to those
0.204000 and 0.236000 nm)  of the standard Ag0 (JCPDS PDF# 01-
167) sample and that (0.272000 nm)  of the standard Ag2O (JCPDS
DF# 01-1041) sample, respectively. Similar results were reported
y other researchers [20]. The exposed lattice planes of ˛-MnO2,
g0, and Ag2O were also observed in the 10Ag/nano-MnO2 sample

Fig. 2(f)). The above results reveal that there was co-presence of
ano-MnO2, Ag0, and Ag2O nanoparticles in the xAg/nano-MnO2
x = 5.0 and 10.0 wt%) catalysts, which is consistent with the results
f XRD investigations.

The BET surface areas of nano-MnO2 and xAg/nano-MnO2 are
isted in Table 1. It is clear that the nano-MnO2 support showed a
igh surface area of 140 m2/g. Loading 1.0 wt%  Ag to nano-MnO2
aused a little change in surface area of the obtained 1Ag/nano-
nO2 catalyst. At an Ag loading of 3.0 or 5.0 wt%, the surface area

ecreased to 102–125 m2/g. A further rise in Ag loading to more
han 7.0 wt%, however, resulted in a significant drop in surface area
44–57 m2/g) of the xAg/nano-MnO2 catalysts, which might be due
o the aggregation of MnO2 particles (Fig. 2) and the decrease of

nO2 content in the supported catalysts.

.3. Surface composition and oxidation state

XPS is a good tool to investigate the surface element composi-
ions and metal oxidation states of a solid inorganic material. The
PS results of the xAg/nano-MnO2 catalysts are also summarized

n Table 1. As revealed by the Ag 3d, Mn  2p, and O 1s core-level
PS spectra (not shown here) of xAg/nano-MnO2, the silver mainly
xisted in a highly dispersed Ag0 domain on the surfaces of nano-
nO2 at a lower gold loading (x ≤ 1.0 wt%); when x ≥ 3.0 wt%, the

ilver was present in the form of metallic Ag0 clusters and dis-
ersed Ag2O domain, and the content of the former decreased at
levated silver loadings. The manganese on the nano-MnO2 and
Ag/nano-MnO2 surfaces existed in tri- and tetravalency, and the
ean oxidation state of Mn  increased with increasing silver load-

ng. Based on the principle of electroneutrality, we  hence deduce

hat oxygen vacancies might be present on/in nano-MnO2 and its
upported silver catalysts. The oxygen adspecies should dwell at
he surface oxygen vacancies of nano-MnO2 as well as the interface
etween the silver and nano-MnO2. Such a deduction was substan-
 175 (2011) 603– 609 605

tiated by the O 1s XPS analysis of xAg/nano-MnO2. The loading of
silver had significant effects on the molar ratios of surface adsorbed
oxygen (Oads) to lattice oxygen (Olatt) species and of surface Mn4+ to
Mn3+ on xAg/nano-MnO2 (Table 1) through the interaction between
Ag and nano-MnO2. Similar effects have been also observed in the
Ag/MnOx–CeO2 catalysts [21]. Usually, pure Ag2O can decompose
completely into metallic Ag0 and O2 at a calcination tempera-
ture of higher than 400 ◦C [22,23].  In the xAg/nano-MnO2 catalysts
(x = 5.0–10.0 wt%) derived after calcination in air at 450 ◦C, how-
ever, there was presence of oxidized silver species (Ag2O). The
generation of Ag+ species is an indication of strong interactions
between silver and MnO2, through which the active oxygen species
adsorbed on the surface of MnO2 could oxidize parts of Ag0 into
Ag+. Therefore, the modifications in surface Oads/Olatt, Mn4+/Mn3+,
and Ag+/Ag0 molar ratios due to Ag loading and Ag–MnO2 interac-
tions would influence the catalytic behaviors of the xAg/nano-MnO2
materials for the oxidation of CO and benzene.

3.4. Reducibility

Fig. 3(A) illustrates the H2-TPR profiles of the xAg/nano-MnO2
catalysts. In general, the reduction of MnO2 follows a typical two-
step process, i.e., MnO2 → Mn3O4 → MnO  [24]. From Fig. 3A(a), one
can observe two  broad and weak reduction bands centered at 101
and 365 ◦C and one strong reduction band at 211 ◦C, correspond-
ing to the reduction of MnO2 → Mn3O4 and Mn3O4 → MnO  [24].
Due to the bigger negative reduction potential of MnO, no reduc-
tion band assignable to the MnO  → Mn0 process was observed
even up to 750 ◦C [24]. Therefore, it is reasonably deduced that
MnO was  the final state of nano-MnO2 reduction, which was  con-
firmed by the XRD results (not shown) of the nano-MnO2 sample
after the H2-TPR experiment. For the nano-MnO2 sample, the
H/Mn molar ratio estimated from the amount of hydrogen con-
sumed during the reduction process was  ca. 1.58, lower than the
theoretical H/Mn molar ratio (2.0) calculated according to the
(MnO2 + H2 → MnO  + H2O) reaction. This result implies that there
was presence of Mn  ions with mixed oxidation states (i.e., Mn3+

and Mn4+), in good agreement with the results of XPS studies.
Compared to the reduction behavior of the nano-MnO2 support,
the introduction of silver brought about remarkable alterations in
position and shape of reduction bands and significant shifts of the
reduction bands took place (Fig. 3A(b)–(f)). There were two weak
bands at 112 and 232 ◦C and one strong band at 171 ◦C for the
1Ag/nano-MnO2 catalyst, one weak band at 239 ◦C and two strong
bands at 95 and 154 ◦C for the 3Ag/nano-MnO2 catalyst, two strong
bands at 80 and 144 ◦C for the 5Ag/nano-MnO2 catalyst, one weak
band at 85 ◦C and one strong band at 189 ◦C for the 7Ag/nano-
MnO2 catalyst, and one weak band at 84 ◦C and one strong band
at 202 ◦C for the 10Ag/nano-MnO2 catalyst. The reduction bands
below 120 ◦C and in the range of 120–450 ◦C can be attributed
to the MnO2 → Mn3O4 and Mn3O4 → MnO  processes [24], respec-
tively. Of course, the reduction of the small amount of silver oxide
species occurred below 120 ◦C and their reduction bands might be
overlapped with the first reduction band of nano-MnO2 [24]. From
the H2-TPR profiles, one can readily see that the 5Ag/nano-MnO2
catalyst was  the most reducible at low temperatures. That is to
say, at a silver loading of 5.0 wt%, the as-prepared nanocatalyst
possessed the best reducibility. It is well-known that manganese
oxides exhibit strong oxygen storage/release ability due to the fact
that they easily undergo a rapid reduction–oxidation cycle through
the interaction with reducing or oxidant agents, accompanying by
the formation of manganese ions in various oxidation states (Mn2+,

Mn3+ or Mn4+) [25]. An explanation on the lower reduction tem-
perature of MnO2 in the xAg/nano-MnO2 catalysts is that the noble
metal (e.g., Ag) could enhance the reduction of MnO2 to Mn3+

and/or Mn2+ via the spillover of active hydrogen species adsorbed
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Fig. 2. TEM images of (a and b) nano-MnO2, (c an

n the noble metal surface during the H2-TPR experiments [26,27]
r by promoting the mobility of lattice oxygen of MnO2 [28]. From
he H2-TPR results, one can deduce that there might be existence of
 strong interaction (i.e., synergistic action) between Ag and MnO2
anodomains. Such a deduction has also been confirmed by the
esults of Ag/MnO2 nanowire/nanorods reported by Li and cowork-
rs [29].
Ag/nano-MnO2, and (e and f) 10Ag/nano-MnO2.

Although the H2 consumption of the xAg/nano-MnO2 sam-
ples decreased with the rise in Ag loading (Table 1), their
reducibility did not follow such a trend. It is a better method

to compare the reducibility of catalysts in terms of the initial
H2 consumption rate per mole of reducible metal (Ag or Mn)
where reduction is less than 20% (i.e., no occurrence of phase
transformation). Fig. 3(B) shows the initial H2 consumption
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Table 1
Total BET surface areas, H2 consumptions, binding energies of surface elements, and Mn4+/Mn3+, Ag+/Ag0, and Oads/Olatt molar ratios of the xAg/nano-MnO2 catalysts.

x (wt%) BET surface
area (m2/g)

H2 consumption
(molH2 /molMn)

Mn 2p3/2 (eV) Mn4+/Mn3+ Ag 3d5/2 (eV) Ag+/Ag0 O 1s (eV) Oads/Olatt

0 140 0.789 641.0 642.4 1.79 – – – 529.8 532.3 0.74
1.0  136 0.781 640.9 642.6 1.94 – – – 530.1 532.4 0.89
3.0  125 0.724 641.1 642.5 2.30 368.0 366.9 0.18 530.1 532.2 0.31
5.0  102 0.706 641.0 642.5 2.36 368.0 366.9 0.36 530.3 532.6 0.32
7.0  57 0.603 640.7 642.0 7.13 367.9 366.5 0.38 529.9 532.1 0.25

10.0  44 0.582 640.5 642.0 7.56 368.2 366.9 0.63 530.1 532.2 0.23
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ig. 3. (A) TPR profiles and (B) initial H2 consumption rate versus inverse temperat
0.0  wt% (f).

ates of the catalysts versus inverse temperature. Apparently,
he initial H2 consumption rate decreased in the order of
Ag/nano-MnO2 > 3Ag/nano-MnO2 > 1Ag/nano-MnO2 > 7Ag/nano-
nO2 > 10Ag/nano-MnO2 > nano-MnO2, coinciding with the

equence of their catalytic performance (shown below).

.5. Catalytic performance

Specific reaction rate (normalized by per mole of the reducible
etal in the catalyst) can be used to evaluate the catalytic perfor-
ance of a material. Fig. 4(A) and (C) shows the specific reaction

ates normalized per mole of Ag and per mole of Mn  of the
Ag/nano-MnO2 catalysts for the oxidation of CO, respectively. It is
bserved that below 70 ◦C the specific CO reaction rates normalized
y per mole of Ag of all the catalysts were lower, but above 70 ◦C
hey were significantly different and decreased at elevated Ag load-
ngs, indicating that a lower Ag loading led to a higher Ag dispersion
n nano-MnO2, which would be favorable for the enhancement
n catalytic activity; the specific CO reaction rates normalized by
er mol  of Mn  of these catalysts, however, decreased in the order
f 5Ag/nano-MnO2 > 3Ag/nano-MnO2 > 1Ag/nano-MnO2 > nano-
nO2 > 7Ag/nano-MnO2 > 10Ag/nano-MnO2. There was  an obvious

iscrepancy in changing trend of specific reaction rates normalized
y per of Ag and by per mole Mn  of the catalysts. This result sug-
ests that (i) an appropriate Ag loading was required for obtaining
he highest catalytic performance in the low-temperature CO

xidation, and (ii) the excellent performance of the 5Ag/nano-
nO2 catalyst might be also associated with the synergistic action

etween the silver (or silver oxide) and manganese oxide nanopar-
icles. Obviously, the optimal Ag loading for achieving the best
 xAg/nano-MnO2 with x = 0 (a), 1.0 wt%  (b), 3.0 wt% (c), 5.0 wt%  (d), 7.0 wt% (e), and

catalytic performance was 5.0 wt%, giving a specific reaction rate
of 2.18 molCO/(molMn h) with a corresponding CO conversion = 90%
at ca. 83 ◦C. After investigating the oxidation of CO over the
MnO2-supported silver catalysts derived via an incipient wetness
impregnation route, Li and coworkers [29] observed that the
15 wt%  Ag/˛-MnO2 catalyst showed a specific reaction rate of ca.
1.51 molCO/(molMn h) with a corresponding CO conversion = 90%
at ca. 90 ◦C, which was inferior to our catalyst 5Ag/nano-MnO2.

Generally speaking, the oxidation of CO over transition-metal
oxides (e.g., MnO2, Co3O4, Fe2O3, and CuO) follows a Mars–van
Krevelen mechanism, in which Olatt involves in CO oxidation and
the reduced surface of the catalyst is re-oxidized by the gas-
phase oxygen from the feed mixture [13]. For the supported
silver catalysts in CO oxidation, although the detailed mecha-
nisms are not completely understood, a viable reaction pathway
might be: silver nanoparticles activate CO molecules, the sup-
port activates oxygen molecules, and the oxidation of CO occurs
at the silver–support interface. As reported previously, TiO2-
supported nanosized gold catalysts were extremely active at low
temperatures for CO oxidation, a result due to the formation of
well-dispersed Au nanodomains [30]. In our case, the presence of
Ag and/or Ag2O nanodomains on the nano-MnO2 support and the
synergistic action between them gave rise to the excellent catalytic
activity of 5Ag/nano-MnO2. As pointed out by Imamura et al. [31],
the catalytic activity of the Ag–Mn composite oxides for CO oxida-
tion was  dependent upon the interaction between the Ag and Mn.

The active oxygen species over Ag were consumed mainly in the
oxidation of CO, and the manganese oxide served as an oxygen car-
rier [19]. Moreover, a strong interaction would favor the spillover
of oxygen species from Mn  to Ag, hence improving the catalytic
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ctivity. This is in good agreement with the H2-TPR results, which
emonstrated that the interaction between Ag and nano-MnO2

owered the reduction temperature of nano-MnO2. Therefore, we
elieve that a strong metal–support interaction would also exist

n the xAg/nano-MnO2 samples, which resulted in an enhanced
atalytic activity. Similar results have also been reported in the
u/CeO2 and Au/CuO catalyst systems [32]. Additionally, the excel-

ent catalytic activity of 5Ag/nano-MnO2 was also related to its
igher Olatt species concentration, as demonstrated by the results
f XPS analysis (Table 1).

Among the VOCs, aromatics are believed to be relatively hard
o be eliminated. We  selected benzene as a representative of aro-

atics to examine the catalytic performance of xAg/nano-MnO2.
ig. 4(B) and (D) shows the specific reaction rates normalized per
ole of Ag and per mole of Mn  of the xAg/nano-MnO2 catalysts

or the oxidation of benzene, respectively. CO2 and H2O were the
nly products formed. From Fig. 4(B), one can see that the specific

eaction rate normalized per mole of Ag decreased with increasing
he Ag loading, a changing trend similar to that for CO oxidation. As
hown in Fig. 4(D), the pure nano-MnO2 support was inferior in cat-
lytic activity to the xAg/nano-MnO2 catalysts. This result indicates
ific (C) CO and (D) benzene reaction rates normalized per mol  of Mn  as a function
 benzene oxidation over the xAg/nano-MnO2 catalysts with x = 0 ( ), 1.0 wt% ( ),

that silver supported on nano-MnO2 played an important role for
benzene oxidation. Over the xAg/nano-MnO2 catalysts, the activ-
ity increased with a rise in Ag loading from 1.0 to 5.0 wt%, then
decreased with increasing Ag loading from 5.0 to 10.0 wt%. Like in
the case of CO oxidation, the 5Ag/nano-MnO2 catalyst performed
the best in the oxidation of benzene.

Considering the catalytic performance of xAg/nano-MnO2
(0 < x ≤ 5) better than that of the pure nano-MnO2 support, we
believe that the synergistic action between silver and nano-MnO2
would be present and favor the significant enhancement in catalytic
performance. In other words, the interface of silver and manganese
oxide nanodomains might play an important role in improving the
catalytic activity. It is probable that the presence of silver would
cause a decrease in strength of the surface Mn–O bonds adjacent
to silver nanodomains, leading to a higher mobility and reactivity
of surface lattice oxygen, and hence enhancing the catalytic perfor-
mance. After investigating the combustion of some VOCs over the

Fe2O3-supported IB group metal (Cu, Ag or Au) catalysts, Scire et al.
[33] pointed out that the IB metal could weaken the Fe–O bonds
and the mobility of Olatt was  promoted as a result. In line with these
observations, we  tentatively propose that the combustion of ben-
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. Conclusions

Nanometer ˛-MnO2-supported Ag catalysts (xAg/nano-MnO2)
ith x = 0–10.0 wt% could be prepared via the incipient wetness

mpregnation route. The introduction of Ag resulted in a drop in
urface area of the catalyst. The Ag particles were highly dispersed
n nano-MnO2 at a lower Ag loading. For the xAg/nano-MnO2 sam-
les, the surface Mn4+/Mn3+ atomic ratios increased but the surface
ads/Olatt molar ratios decreased at elevated Ag loadings. Loading
g could modify the reducibility of the xAg/nano-MnO2 samples
ia the interaction between the Ag and MnO2 nanodomains and
he best reducibility was achieved at an Ag loading of 5.0 wt%. The
oading of Ag on MnO2 nanoparticles could alter the catalytic activ-
ties for the oxidation of CO and C6H6, with the best performance
eing obtained over the 5Ag/nano-MnO2 catalyst. Such excellent
atalytic performance was related to the highly dispersed Ag, good
ow-temperature reducibility, and synergistic action between the
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