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Abstract

- Qinyu Zhu' - Yaxin Dong’ - Yiming Zheng' - Xue Wang' - Kelun Li? - Fenglin Huang' - Bo Peng’' -

A series of Ag/MnO, catalysts employing MnO, nanorods (MnO,-r) and nanoparticles (MnO,-n) as the supports were pre-
pared by conventional incipient wetness impregnation. Their structures had been characterized by BET, SEM, TEM, XRD,
H,-TPR, O,-TPD and XPS. The catalytic activities in HCHO oxidation had also been investigated. The results showed that
MnO,-r and MnO,-n exhibited different reducibility and surface active oxygen. Ag/MnO,-r performed better reducibility
and more surface active oxygen than that of Ag/MnO,-n. It had observed that Ag/MnO,-r could achieve complete oxidation
of HCHO at 80 °C, due to the low-temperature reducibility and abundant surface active oxygen. Meanwhile, the Ag/MnO,-r

catalyst exhibited good stability.
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1 Introduction

Formaldehyde (HCHO) has been considered as a typical pol-
lutant to the atmosphere and human health, which is mainly
released from consumer products and building/furnishing
materials [1]. Long-term exposure to indoor air containing
even very low concentrations of HCHO may induce a variety
of diseases, such as respiratory, skin irritation, nasal tumors,
irritation to eyes and so on [2]. Thus, it is urgent to reduce
the indoor HCHO emission in order to meet the strict envi-
ronmental regulations.

So far, considerable technologies have been made to
eliminate HCHO, including adsorption, photo-catalysis,
plasma technology and catalytic oxidation methods [3].
Among them, catalytic oxidation of HCHO has been rec-
ognized as a promising technique, due to its high efficiency,
low temperature, simple equipment and no secondary pol-
lutant [4]. Therefore, it is the key to develop novel catalyst
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with efficient activity for the catalytic oxidation of HCHO
at low temperature.

For decades, the conventional catalysts mainly include the
supported noble metal catalysts (Pt, Pd and Au) [5-7] and
transition metal oxide catalysts (MnO,, Co;0, and CeO,)
[8—10]. Especially, it has been reported that supported Pt
catalyst can obtain complete conversion of HCHO at room
temperature [5, 11, 12]. However, the high price of precious
metals limits their widespread applications. Transition metal
oxide catalysts are very cheap, but complete oxidation of
HCHO is usually achieved at high temperature (> 100 °C).
Thus, it is significant and urgent to exploit efficient and low
cost catalysts. It has observed that supported Ag catalysts
perform some outstanding ability in the reaction of HCHO
oxidation [13, 14]. Therefore, Ag may be a promising sub-
stitute for catalytic oxidation of HCHO.

Manganese oxides have been greatly considered as
promising, inexpensive and nontoxic materials in envi-
ronmental catalysts, used in HCHO oxidation [15]. Bai
et al. [16] prepared three dimensional ordered mesoporous
MnO,, which obtained complete oxidation of HCHO at
130 °C. Similar catalytic activity over mesoporous silica-
confined manganese oxide was also reported by Averlant
[17]. It is interesting that manganese oxides with differ-
ent morphology have been widely applied as catalysts and
shown exciting performance. Shi et al. [18] claimed that
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rod-like tetragonal a-MnO, showed good catalytic perfor-
mance for the total oxidation of toluene. Liang et al. [19]
pointed out the MnO, nanorods exhibited high activity for
CO oxidation. To our knowledge, there have so far been
rare studies on the catalytic application of MnO, with dif-
ferent morphology for the catalytic oxidation of HCHO.

In this work, the MnO, nanorods and MnO, nanopar-
ticles were successfully synthesized and as supporters
loaded a small amount of Ag. The influence of MnO,
morphology on the catalytic performance of Ag/MnO,
for HCHO oxidation have been revealed by BET, SEM,
TEM, XRD, H,-TPR, O,-TPD and XPS. The effect of the
different morphologies of the MnO, on HCHO oxidation
was investigated. It was found that Ag/MnO, nanorods
performed extremely high catalytic activity and 100% con-
version of HCHO was obtained at temperature as low as
80 °C.

2 Experimental
2.1 Catalyst Preparation

The MnO, nanorods were prepared using the hydrothermal
method, which was similar to the previous report [18]. Typi-
cally, for the case of MnO, nanorods (denoted as MnO,-r),
16 mmol of KMnO, and 6 mmol of MnSO, precursor were
dissolved in 160 mL of deionized water, and stirred for 1 h.
And then, the mixture was charged into a Tefon-lined auto-
clave with a capacity of 200 mL, tightly sealed and hydro-
thermally treated at 160 °C for 12 h. After cooling, the
resulting precipitate was collected by filtration, washed with
deionized water and dried at 60 °C for 24 h. The acquired
powder was calcined in muffie oven at 300 °C for 4 h with a
heating rate of 1 °C min~', thus obtaining the final MnO,-r.
The MnO, nanoparticles (designed as MnO,-n) were
synthesized by the water-bathing method. Briefly, 4 mmol
of KMnO, was dissolved in 80 mL of deionized water,
and 4 mL of 98 wt % H,SO, solution was dropped into the
KMnO, solution under vigorously stirring. After that, a
piece of copper plate (2 cm X 8 cm) was added to the mixed
solution and was water-bathed at 60 °C for 8 h [20].
Ag/MnO,-r and Ag/MnO,-n catalysts were synthesized
by conventional wetness incipient impregnation method
employing prepared MnO,-r or MnO,-n as the support. In
the typical method, 1 g MnO,-r or MnO,-n was dispersed in
30 mL deionized water with vigorous stirring for 30 min and
the desired amount of AgNO; solution was added dropwise.
After that, the suspension was continuously stirred at 30 °C
for 24 h and evaporated at 80 °C. The obtained powder was
dried at 80 °C overnight. The amount of Ag in the final
catalyst was 0.1 wt %, which was measured via ICP-AES.

2.2 Characterization

Nitrogen adsorption and desorption isotherms were
acquired on a micromeritics apparatus (ASAP2020HD8S).
All samples were outgassed under vacuum at 250 °C for
4 h prior to analysis. The specific surface areas were com-
puted by applying the Brunauer—-Emmett—Teller (BET).
The pore size distribution was estimated from the desorp-
tion branch of the isotherms using the BJH model.

The morphology of the product was characterized by
scanning electron microscope (SEM, America FET Quanta
600 FEG). Transmission electron microscope (TEM) was
obtained on the Tecnai G2 F20 apparatus.

Powder X-ray diffraction (XRD) measurements of the
catalysts were recorded on a Panalytical Empyrean X-ray
diffractometer with Cu-Ka radiation (A=0.154,056 nm) at
40 kV and 30 mA and the data were recorded at a scanning
speed of 2° min~! from 10.0° to 80.0°.

The temperature programmed reduction (H,-TPR) was
conducted with a thermal conductivity detector (TCD)
connected to a flow-control system and a programmed
heating unit. Before the H,-TPR analysis, the samples
were treated with 21 vol% O,/N, flow (30 mL min™") at
300 °C for 1 h. About 50 mg of catalyst was used in each
measurement. The H,-TPR was performed by heating the
catalysts from approximately 50 to 650 °Cin a 10 vol% H,/
N, mixture with a flow rate of 60 mL min~".

Oxygen temperature-programmed desorption (O,-TPD)
tests were performed on the same instrument with H,-TPR.
Prior to each run, 60 mg of sample was pretreated under
21 vol% O,/N, flow (30 mL min~!) at the temperature of
300 °C for 1 h, and then reduced in a stream of 10 vol%
H,/N, flow at 200 °C for 1 h. Subsequently, the He gas
was swept at 200 °C for 30 min. After cooling down to
65 °C in the same flow, the adsorption of O, was meas-
ured by exposing the catalyst to a flow of 21 vol% O,/N,
(20 mL min~') for 1 h. Finally, the catalyst was heated
from 65 to 500 °C at a constant heating rate of 10 °C min™!
in a flow of He (60 mL min™'). The desorption of O, was
calculated from the signal of a TCD detector.

X-ray photoelectron spectroscopy (XPS) was employed
to determine the Mn 2p, O Is and C s binding energies of
surface species of the as-prepared samples on a Thermo
Scientific K-Alpha using Mg Ka radiation (1653.6 eV)
at a beam power of 250 W. The binding energy of Cls
(284.6 eV) was used as the internal standard.

2.3 Catalytic Activity Test

Catalytic tests were carried out on a fixed-bed quartz flow
reactor with 50 mg catalyst (40—-60 mesh). Typically, the
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catalysts were pretreated by 21 vol% O,/N, at 300 °C for
1 h and then cooled down to 200 °C. The gas was switched
to 10 vol% H,/N, for 1 h at the temperature of 200 °C.
Subsequently, the temperature was cooled down to 25 °C.
Gaseous HCHO was generated by passing a by flowing
21% 0O,/N, over the paraformaldehyde in a thermostatic
water bath kept at 30 °C. The total flow rate through
the reactor was remained at 30 mL min~! and included
300 ppm HCHO, 21 vol% O, and N, equilibrium gas. The
mass space velocity was 36,000 mL gc_al[ h~!. The analysis
of the products was analyzed using a gas chromatograph
equipped with hydrogen flame ionization detector (FID)
and Ni catalyst convertor. No other carbon containing
compounds except CO, in the products were detected for
the tested catalyst. Thus HCHO conversion was calculated
as follows:

[COZ] out

HCHO conversion (% ) = [HCHO]._

x 100

Where [CO,],, and [HCHO],, in the formula corresponds
to the CO, concentration in the products and the concentra-
tion of HCHO in the gas flow, respectively.

3 Results and Discussion

3.1 Characterization of the Catalysts

3.1.1 N, Adsorption and Desorption

The N, adsorption and desorption isotherm of MnO,-r,

MnO,-n, Ag/MnO,-r and Ag/MnO,-n are shown in Fig. 1.
The results of the adsorption and desorption demonstrated
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Fig.1 N, adsorption and desorption isotherms of (a) MnO,-r, (b)
MnO,-n, (¢) Ag/MnO,-r and (d) Ag/MnO,-n
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that the all as-prepared samples performed the hysteresis
phenomenon which was assigned to the type of IV isotherms
[9]. The result indicated that mesoporous structure presented
in the samples. After the addition of Ag into MnO,-r and
MnO,-n, the hysteresis rings of Ag/MnO,-r and Ag/MnO,-n
were smaller than that of MnO,-r and MnO,-n, perhaps due
to the blockage of pores by Ag nanoparticles.

BET surface area and pore diameter as well as pore
volume are summarized in Table 1. The surface areas of
MnO,-r and MnO,-n were 102.1 and 119.7 m? g™, respec-
tively. For Ag/MnO,-r and Ag/MnO,-n, the surface areas
decreased to 71.2 and 76.1 m? g~!, indicating that Ag
nanoparticles formed on the surface with blocking pores
of MnO,-r and MnO,-n. Meanwhile, the pore volume of
MnO,-r and MnO,-n decreased in some extent, respectively,
compared with those of MnO,-r and MnO,-n. The pore
diameter and pore volume of Ag/MnO,-r were 16.7 nm and
0.33 cm® g~!, while the corresponding value of Ag/MnO,-n

were 14.2 nm and 0.36 cm? g1, respectively.

3.1.2 SEM and TEM Images

Figures 2 and 3 show SEM and TEM micrographs of the
MnO,-n and MnO,-r, respectively. As can be clearly seen
from Figs. 2a, b and 3a, the MnO,-n derived from the water-
bathing process was aggregated by a large number of sphere-
like nanoparticles, which was consisted of many nanorods.
The length of the rods was mostly 100—250 nm. From the
Figs. 2c, d and 3b, it can be observed that MnO,-r hydro-
thermally at 160 °C displayed a rod-like morphology, with
the diameters of about 80 nm and lengths ranging from 2 to
5 pm. The morphology of MnO,-r is in good agreement with
that of the previously reported MnO, in the literatures [18,
21]. Therefore, the SEM and TEM results revealed that the
morphology of the MnO, sample were strongly dependent
on the preparation method and condition.

3.1.3 XRD Patterns
The XRD patterns of the MnO,-r, MnO,-n, Ag/MnO,-r

and Ag/MnO,-n are shown in Fig. 4. It can be seen that
the Fig. 4a, b could be well indexed to a pure tetragonal

Table 1 Pore structure and texture of the MnO,-r, MnO,-n, Ag/
MnO,-r and Ag/MnO,-n

Catalyst Sger (m? g1 Pore diameter  Pore volume
(nm) (em’ g™
MnO,-r 102.1 13.4 0.37
MnO,-n 119.7 11.9 0.40
Ag/MnO,-r 71.2 16.7 0.33
Ag/MnO,-n 76.1 14.2 0.36
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Fig.2 SEM images of a, b MnO,-n and ¢, d MnO,-r

Fig.3 TEM images of a [
MnO,-n and b MnO,-r

phase, which were in agreement with a-MnO, (JCPDS PDF
44-0141) [19]. The intensities of the diffraction peaks of
the MnO,-r were greatly lowered compared with those of
MnO,-n. The discrepancies in intensity of XRD peaks sug-
gested the different in crystallinity of these two samples. As

the addition of Ag into MnO,-r or MnO,-n, no Ag species
(Ag®, AgO) were observed in any samples, indicating that
Ag species were highly dispersed on the MnO, support [14].
Meanwhile, it is found that the intensity of the diffraction
peaks was weaker with the introduction of Ag.
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Fig.4 XRD patterns of (a) MnO,-r, (b) MnO,-n, (¢c) Ag/MnO,-r and
(d) Ag/MnO,-n

~_ 3361380
=
<
~— 372
= |4 306
.8 f
~—
o
£ |c
.2 350 396
5 300
o
]
3 b 327 379
<]
3
>
= a
| L | i | L | L | L |

100 200 300 400 500 600
Temperature ('C)

Fig.5 H,-TPR profiles of (a) MnO,-r, (b) MnO,-n, (¢) Ag/MnO,-r
and (d) Ag/MnO,-n

3.1.4 H,-TPR

The H,-TPR profiles of MnO,-r, MnO,-n, Ag/MnO,-r and
Ag/MnO,-n are displayed in Fig. 5. Generally, it has reported
that the reduction process of MnO, could be reasonably
divided into two steps of MnO, to Mn;0, and Mn;0, to
MnO [22]. For the case of MnO,-r, there were two over-
lapped strong reduction peaks in the temperature range from
149 to 450 °C, which were observed at 327 and 379 °C. The
assignment of the reduction peaks was not very clear, while
they might correspond to the combined reduction of MnO,/
Mn,0; into Mn;0, and Mn;0, to MnO. As can be seen in
Fig. 5b, the MnO,-n showed two overlapped reduction peaks
at 149-450 °C with a slight shoulder at about 300 °C. It
was possible to propose that the shoulder reduction peak of
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MnO,-n was assigned to the readily reducible small cluster
surface manganese species, which is in good accordance
with the previous report by Tang et al. [10]. The two over-
lapped reduction peaks were similar to those of the MnO,-r
sample. It is clearly found that the reduction temperatures
of MnO,-n shifted to higher regions in comparison with
those of MnO,-r, implying that the morphology of MnO,
dramatically influenced on the reduction behavior. Similar
phenomenon has been reported by Li et al. [23].

After addition of Ag, the two reduction peaks centered at
around 306 and 327 °C for Ag/MnO,-r the shifted to lower
temperature region, indicating the occurrence of metal-sup-
port interaction between Ag and MnO,-r. This phenomenon
is often interpreted in terms of the activation and spillover
of hydrogen from the initially reduced silver to manganese
oxides, and consequently promoted their reductions [24-26].
It has also reported that the presence of silver could promote
the reducibility of surface oxygen on CeO, and induce the
oxygen transfer during the reduction process [27]. Thus,
the reduction peaks of Ag/MnO,-r could be ascribed to the
simultaneous reduction of dispersed Ag,0 to Ag and MnO,
to MnO. The H,-TPR of Ag/MnO,-n exhibited one intensive
reduction peak at about 336 °C with a weak shoulder peak at
around 380 °C. It is obviously observed that the introduction
of Ag into Ag/MnO,-n improved the reducibility, which was
similar to that of Ag/MnO,-r. Therefore, the H,-TPR results
indicated that the reduction of the four samples enhanced in
the order of MnO,-n <MnO,-r < Ag/MnO,-n < Ag/MnO,-r,
in according to that of catalytic activities.

3.1.5 0,-TPD

O,-TPD experiments were performed over the MnO,-r,
MnO,-n, Ag/MnO,-r and Ag/MnO,-n, and the profiles are
shown in Fig. 6. In general, the desorption oxygen spe-
cies of the oxide followed the sequence of oxygen mol-
ecule (O,) > oxygen molecule anion (O, )>oxygen anion
(O7)>lattice oxygen (0%7) [28, 29]. The desorption of O,
might occur at very low temperature (<200 °C), while the
surface active oxygen species such as O, and O~ would
desorb between 200 and 400 °C, and the lattice oxygen
from MnO, could desorb above 400 °C [29]. As displayed
in Fig. 6a, there was only one broad O, desorption peak
presented on the MnO,-r sample in the temperature range of
150 to 350 °C and the peak was centered at 236 °C, which
could be attributed to the desorption of O,, O, and O™. For
the case of MnO,-n, one strong O, desorption peak located
at 368 °C along with a weak broad peak centered at 243
were observed, which might be ascribed to the desorption of
O, and O7, respectively. Therefore, the desorption tempera-
ture of O, greatly depended on the morphology of MnO,-r
and MnO,-n.
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Fig.6 O,-TPD profiles of (a) MnO,-r, (b) MnO,-n, (c) Ag/MnO,-r
and (d) Ag/MnO,-n

As shown in Fig. 6¢c, after introduction of Ag into
MnO,-r, it is noted that a significant increase of the desorp-
tion peaks in the range of 175 and 400 °C were observed for
Ag/MnO,-r. It can be found two overlapped desorption peak,
located at 231 and 319 °C, which was lower than that of
MnO,-r. This data suggested that the presence of Ag could
be beneficial to produce surface active oxygen in the Ag/
MnO,-r catalyst. Similar phenomena were also occurred on
the Ag/MnO,-n. Obviously, the weak broad peak shifted to
187 °C and the strong peak shifted to 272 °C, which were
lower to 56 and 96 °C than those of MnO,-n. These results
indicated that the introduction of Ag would facilitate to
generate much more oxygen desorption during the O,-TPD
process. Wang et al. [30] investigated that the presence of
Pt dramatically decreased the desorption temperature of O,
and elevated chemical adsorption of O, (O,™ and O™) as well
as the excellent mobility of lattice oxygen, which greatly
facilitated the enhancement on catalytic oxidation activ-
ity. Ma et al. [31] reported that Au nanoparticles promoted
desorption of the surface oxygen species and the catalyst
exhibited a higher activity for the HCHO oxidation. So, the
enhanced activation of chemisorbed oxygen by Ag addition
should be greatly responsible for the outstanding activity of
Ag/MnO,-r and Ag/MnO,-n (see Fig. 8).

Compared with Fig. 6¢c, d, the O, desorption peak area
of Ag/MnO,-r was larger than that of Ag/MnO,-n, indicat-
ing Ag/MnO,-r had abundant surface active oxygen species.
Generally speaking, surface active oxygen species might
offer a higher catalytic activity in oxidation reactions [9, 31].
This phenomenon probably attributed to the lattice defect
and oxygen vacancy that resulted from nanorod structure
of the MnO,-r sample. It is beneficial for oxygen in the gas
phase to be activated and adsorb onto the MnO,-r surface.
Therefore, Ag/MnO,-r performed the highest O, mobility

and best catalytic ability, in accordance with the result of
catalytic activity (Fig. 8).

3.1.6 XPS

XPS spectra of MnO,-r, MnO,-n, Ag/MnO,-r and Ag/
MnO,-n were measured to probe the states of the surface
Ag, Mn and O element, as displayed in Fig. 7.

The Ag 3d XPS spectra of the Ag/MnO,-r and Ag/MnO,-
n catalysts are shown in Fig. 7a. It has been reported that
Ag 3d possessed signals at 368.0 and 375.0 eV [32, 33],
which were ascribed to the escape of electrons from the 3ds,,
and 3d,,, core levels, respectively. Following the previous
assignments [13, 34], the Ag 3d5;, had two components at
368.0 and 367.5 eV. The former indicated the presence of
Ag®, whereas the later could be reasonably attributed to
Ag,0. However, these Ag or Ag,0 species could not be
apparently detected by XPS in Fig. 7a, probably because of
the small loading content (0.1 wt % Ag in the Ag/MnO,-r
and Ag/MnO,-n catalysts). Generally speaking, Ag,0 could
be decomposed completely into metallic Ag and O, when
calcined at temperatures higher than 400 °C in air [10]. In
addition, Weaver et al. [35] had discovered incomplete dis-
sociation of Ag,0, which was calcined at 300 °C, generating
a combination of both Ag,0 and Ag states on the surface of
catalysts. In our situation, both Ag/MnO,-r and Ag/MnO,-n
catalysts were treated at 300 °C for 1 h by 21 vol% O,/N,.
Therefore, it can be speculated that both metallic Ag and
Ag,0 were formed on Ag/MnO,-r and Ag/MnO,-n catalyst
surface. As for the supports of MnO,-CeO, or CeO, [10,
34], it has been also found that the active oxygen species on
the surface of CeO, or MnO,—CeO, could be transferred to
Ag and oxidized it into Ag*, due to the strong interaction
between Ag and supports. Similarly, it is possible that the
electron charge transfer from Ag to MnO, would readily
cause the formation of positively charged Ag* clusters in
our case.

In the Mn 2p spectra (Fig. 7b), two clear peaks were
discovered and implied the identical chemical state of Mn
atoms in the all as-prepared samples. For the MnO,-r and
MnO,-n, the splitting energy of the Mn 2p peak (11.8 eV)
approached that of Mn**, in according with the energy
separation between Mn 2p;, and Mn 2p,,, reported pre-
viously [24]. Moreover, after addition of Ag into MnO,-r
and MnO,-n, obvious upshift of the Mn 2p;/, and Mn 2p,,
occurred, which indicated that the addition of Ag increased
Mn** ions. In special, the main manganese in the Ag/MnO,-
r was Mn**. Tang et al. [10] reported that more Mn** species
resulted in much higher catalytic activity for the complete
oxidation of HCHO over MnO,-CeO, catalyst.

As shown in Fig. 7c, two surface oxygen species could
be apparently found in the O 1s spectra. For the sample of
MnO,-r, the component centering at 532.3 eV indicated the
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Fig.7 XPS spectra of (a) MnO,-r, (b) MnO,-n, (c) Ag/MnO,-r and
(d) Ag/MnO,-n. a Ag 3d, bMn 2p and ¢ O Is

presence of adsorbed oxygen or surface hydroxyl species,
and the component locating at 529.9 eV might be reasonably
ascribed to surface oxygen atoms, following the previous
assignments [15]. It has observed that a slight shift to higher
binding energy for MnO,-r than the MnO,-n. As the intro-
duction of Ag into MnO,-r and MnO,-n, a discernible shift
to lower binding energy for Ag/MnO,-r and Ag/MnO,-n was
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and 36,000 mL g_} h™!, respectively

cat

observed in comparison to MnO,-r and MnO,-n, due to an
increase of their negative charge [36]. It is clearly observed
that the intensity of higher BE (531.9 eV) of the Ag/MnO,-r
catalyst performed strongest, implying more surface active
oxygen. The result is well in agreement with the O,-TPD
analysis (Fig. 6). It has been reported that more surface
adsorbed oxygen and hydroxyl species played a crucial role
to promote the catalytic activity for HCHO oxidation [13].
Therefore, it can speculate that the Ag/MnO,-r would pos-
sess excellent catalytic performance for the HCHO oxida-
tion, in accordance to the result of catalytic test (see Fig. 8).

3.2 Catalytic Activity

Figure 8 shows the catalytic activities of MnO,-r, MnO,-n,
Ag/MnO,-r and Ag/MnO,-n in terms of HCHO conversion
as a function of reaction temperature. Obviously, MnO,-r
and MnO,-n performed very low HCHO conversion in the
temperature range investigated. They obtained only 89.7%
and 84.2% conversion of HCHO at 120 °C, respectively.
The result indicated that the temperature dependence of
HCHO conversion was significantly related to their mor-
phologies. The MnO, with the morphology of nanorods
exhibited better catalytic activity for the HCHO oxidation
in comparison with that of MnO, nanoparticles. Similar
result was also found by Shi et al. [18], who observed that
rod-like MnO, showed highest catalytic performance than
that of flower-like MnO, and dumbbell-like MnO, for the
combustion of toluene. As the addition of Ag to MnO,-r
and MnO,-n, complete HCHO conversion was achieved at
the temperature of 80 and 100 °C, respectively. Especially,
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Fig.9 Stability test of the Ag/MnO,-r catalyst at 80 °C with the reac-
tion condition of 300 ppm HCHO, 21 vol % O, and N, (balance)

the Ag/MnO,-r exhibited outstanding catalytic activity for
the oxidation of HCHO.

Figure 9 shows the stability test of the Ag/MnO,-r
catalyst at 80 °C with the reaction condition of 300 ppm
HCHO, 21 vol % O, and N, (balance). It can be found that
the Ag/MnO,-r catalyst performed good stability, which
kept the 100% conversion of HCHO during 67 h.

The results above demonstrated that the morphology
of nano-MnO, samples played an important role on their
physicochemical properties, thus leading to the different
synergy effect between Ag and MnO,. The Ag/MnO,-r
catalyst displayed stronger synergy than Ag/MnO,-n. The
strong synergy could be beneficial for the reducibility
of manganese oxides through the spillover of hydrogen,
increase HCHO adsorption ability of MnO, and gener-
ate more lattice oxygen species [37]. In turn, the reac-
tion activity could be influenced accordingly, as revealed
from the result of catalytic activity study. It is well known
that oxygen vacancy and reducibility of a transition metal
oxide were crucial factors impacting its catalytic activity
[10, 23]. The existence of oxygen vacancies promoted the
activation of oxygen molecules to active oxygen species.
A good reducibility of the catalyst might offer a facile
redox process that would lead to an enhanced catalytic
performance [17]. As found from the H,-TPR and O,-TPD
studies, the Ag/MnO,-r possessed better low-temperature
reducibility and higher active oxygen species concentra-
tions (relevant to the surface oxygen vacancy densities)
than Ag/MnO,-n, in good agreement with their catalytic
activity sequence. Hence, it can be deduced that the bet-
ter low-temperature reducibility and higher active oxygen
species concentrations mainly contributed to high catalytic
performance of the Ag/MnO,-r for the HCHO oxidation.

4 Conclusions

The MnO, nanorods (MnO,-r) and MnO, nanoparticles
(MnO,-n) were synthesized by the hydrothermal route
and water-bathing method, respectively. As the addition
of Ag, the Ag/MnO,-r catalyst performed superior cata-
lytic activity for the HCHO oxidation, which gained 100%
HCHO conversion at 80 °C. It has been observed that the
morphology of MnO, significantly influenced on the prop-
erties of the catalysts. Among the as-prepared samples,
Ag/MnO,-r possessed easy reducibility and active surface
oxygen, which was mainly contributed to the high activity
for HCHO oxidation. Moreover, the Ag/MnO,-r catalyst
performed good stability. Thus, it is a promising catalyst
for the catalytic oxidation of HCHO, because of its low-
cost, high activity and stability.
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