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Abstract

Nanoporous manganese oxides were synthesized by a sol-gel method with maleic acid as an organic reducing agent. Noble metals
(Pt and Ag) were then loaded by an impregnation method. The as-prepared materials are tunneled manganese oxides, cryptomelane
(K-OMS-2). Further characterization was performed using X-ray diffraction (XRD), transmission electron microscopy (TEM) and N,
adsorption/desorption techniques. The structure and textural properties are heavily dependent on reaction conditions. Reaction
solutions using low temperature produced well-crystallized nanorods, whereas solutions at high temperature yielded poorly-crystallized
nanoparticles. Formaldehyde oxidation was carried out to evaluate the catalytic activity of these materials. The cryptomelane
nanoparticles that possess higher specific surface area and more open pores showed better catalytic performance than the cryptomelane
nanorods. Effects of Pt and Ag on the cryptomelane catalysts indicate that not only noble metal types, but also the existence form of
metals on the catalyst surface greatly affects the catalytic activity. Pt/K-OMS-2 consisting of ca. 2 nm Pt nanoparticles presents higher
activity than Ag/K-OMS-2, but lower activity than the corresponding cryptomelane materials without metal loading, due to the cover of

Pt on the active sites of manganese oxides.

Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Cryptomelane-type manganese oxide is a microporous
manganese oxide octahedral molecular sieve (OMS-2) with
the approximate stoichiometry of KMngO;s and a tunnel
structure [1]. Cryptomelane contains mixed-valence manganese
from Mn** to Mn?". K™ resides in the tunnel along with
small amounts of water for stabilizing the 0.46 x 0.46 nm?
tunnel structure [2]. Because of its unique physical and
chemical properties, K-OMS-2 materials exhibit excellent
catalytic performance, and have attracted a far amount of
attention in recent years.

*Corresponding author. Tel./fax: +86 10 82543535.
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Formaldehyde (HCHO) is one of the major indoor air
pollutants emitted from widely used constructive and dec-
orative materials. Long-term exposure to formaldehyde that
exceeds safe concentration may cause adverse effects on
human health including lethiferous diseases [3]. To meet these
challenges, various techniques have been explored. Catalytic
oxidation has been proved to be an effective method for
combating formaldehyde pollution [4,5]. Manganese oxide is
one of excellent catalysts reported so far for formaldehyde
oxidation. For instance, manganese oxides with tunnel
structure have been reported to possess high catalytic activity
in formaldehyde oxidation at low temperature [6,7]. However,
the operating temperature for these catalysts is still high for
practical applications. To enhance their catalytic activity,
noble metals have been incorporated and shown good
catalytic performance at moderate temperature [8—10].
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Tang et al. [9] found that the addition of Ag promoted
complete oxidation of formaldehyde at a lower temperature
of 140 °C than pure MnO,, over which the complete oxida-
tion of formaldehyde into H,O and CO, was not achieved
even at 200 °C. Alvarez-Galvan et al. [11] reported that the
18.2% MnO,/Al,O5 catalysts produced total oxidation of
formaldehyde at 220 °C, but this temperature could decrease
to 90 °C when 0.1% Pd was incorporated into this catalyst.
Recently, remarkable research has been concentrated on
investigating the catalytic performance of oxide-supported
Pt catalysts for formaldehyde oxidation. These Pt-based
catalysts exhibit extraordinarily high activity even at room
temperature [12,13]. For instance, Tang et al. [13] reported
that the Pt/MnO,—CeO, catalysts prepared from Pt(NHj3),
(NO,), showed high activity, over which formaldehyde
could be completely oxidized into CO, and H,O at ambient
temperature. But the bare support only gave 26% of formal-
dehyde conversion under the same reaction conditions.
An et al. [14] found a Pt/Fe,O5 catalyst calcined at 300 °C
could completely oxidize 200 ppm of formaldehyde at room
temperature and exhibited excellent stability. Wang and Li
[15] investigated the effect of Pt on catalytic performance of
OMS-2 catalysts. Interestingly, they demonstrated that the
loading of Pt did not change the complete oxidation tempera-
ture of formaldehyde, just decreased the ignition temperature
of formaldehyde oxidation and promoted the formaldehyde
oxidation at lower temperature. The parameters of the catalyst
structure determined the temperature of complete oxidation of
formaldehyde. These results reported by Wang and co-work-
ers are much different from the other reported, possibly due to
the unique 0.46 x 0.46 nm> tunnels in the OMS-2 structure.
Herein, we present a series of cryptomelane materials
prepared by a sol-gel route. Cryptomelane supported Ag
and Pt catalysts were also obtained using an impregnation
method. Crystallographic, morphological and other prop-
erties of the products synthesized at different reaction
temperatures were investigated to study the relationship
between textural parameters of catalysts and their catalytic
performances. The formaldehyde conversions over noble
metals (Ag and Pt) loaded catalysts were also compared.

2. Experimental
2.1. Chemicals

All chemicals in this study were of commercially available
analytical grade and used without further purification. All
reactions were carried out using deionized water (18 MQ)
from a Millipore Milli-Q Plus 185 purifying system.

2.2. Cryptomelane synthesis

The cryptomelane materials investigated in the current
work were synthesized via a sol-gel reaction. In a typical
synthesis, maleic acid (0.78 g, 6.7 mmol) and KMnOy (3.16 g,
20 mmol) were dissolving in deionized water (200 mL) at
predetermined temperatures (15-70 °C). After stirring for

30 min, the mixture was allowed to settle for 60 min. The
sample obtained after this step was then filtered, washed with
deionized water, and dried at 110 °C for 12 h. Then calcina-
tion was carried out at 450 °C for 2 h. The product was
pulverized, washed with 0.1 M HCI and deionized water, and
then dried at 110 °C for 12h. The obtained product is
denoted as K-OMS-2.

3wt% Ag-loaded and 1 wt% Pt-loaded cryptomelane
catalysts were synthesized by the conventional impregnation
process. The cryptomelane powder (prepared at 15 °C) was
added to an aqueous solution of AgNO; or H,PtClg,
followed by stirring for 6 h. After that the mixtures were
dried at 100 °C for 6 h and calcined at 250 or 400 °C for 2 h.
These catalysts are designated as Ag/K-OMS-2 and Pt/K-
OMS-2, respectively.

2.3. Characterization

X-ray powder diffraction (XRD) analysis was conducted
on a Bruker D8 Focus diffractometer with a Cu Ko X-ray
source (40 mA, 40 kV). The morphologies of the products
were studied by transmission electron microscopy (TEM)
on a JEOL JEM-2100F electron microscope. The chemical
compositions were determined by energy-dispersive X-ray
analysis (EDX) employing a 6853-H (Horiba Instruments)
spectrometer and reported in atomic weight percentages.
Textural properties were studied with a Quadrasorb SI
automated surface area and pore size analyzer. Before
acquiring nitrogen adsorption and desorption isotherms
at 77 K, samples were degassed at 100 °C under vacuum
for 12 h. The specific surface area and pore size distri-
bution were calculated according to the Braunauer—
Emmett-Teller (BET) and Barrett-Joyner—Halenda (BJH)
methods.

2.4. Catalytic studies

The formaldehyde catalytic oxidation was performed in
a fixed-bed reactor (i.d. 4 mm) loaded with 100 mg of
the catalyst. The reaction mixture containing 460 ppm
formaldehyde, 21 vol% O, and the balance gas (N,). The
total flow rate was 50 mL min~' in a space velocity of
30,000 mL gl h™!. The effluents from the reactor were
analyzed with an on-line Agilent 6890 gas chromatograph
equipped with FID and Ni catalyst converter which was
used for converting carbon oxides quantitatively into
methane in the presence of hydrogen before the detector.
Conversion was expressed in the yield of CO, of the
effluent, and calculated as follows:

[CO;]yu: VO1Y0 100

CO, yield (%) = [HCHO]. vol” ’

where [COs]oy: 18 the CO, concentration in the products
(vol%), and [HCHOJ;, is the formaldehyde concentration
in the feed gas (vol%).
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3. Results and discussion
3.1. Features of materials

XRD was used to identify the phases of the samples and
to determine the effect of synthesis temperature on the
crystallization of K-OMS-2. As shown in Fig. 1, all of the
peaks for the sample synthesized at 15 °C match the reference
data of a pure cryptomelane phase [16]. Synthesis tempera-
ture is found to dramatically influence the crystallinity of
products. When the synthesis temperature is increased from
15 to 40°C, the XRD pattern intensity of the product
increases slightly. But as the temperature is increased to
70 °C, the product is less crystalline. This phenomenon has
not been reported for cryptomelane manganese oxides pre-
pared by sol-gel method. As already known, raising synthesis
temperature can increase the reaction rate, and gels are
formed more rapidly [17], leading to increase of crystallinity
of products. However, too high temperature of the synthesis
diminishes the thermal stability of gels, and amorphous
materials are produced.

The phase purity of the noble metal-loaded K-OMS-2 was
also investigated by XRD, as shown in Fig. 2. The XRD
patterns are in excellent agreement with those of crypto-
melane materials. No additional peaks corresponding to
segregated crystalline phases of Ag and Pt were observed,
indicating that Ag and Pt species have a very high dispersion
degree or has too low amount to be detected.

Morphological studies on the products were conducted
by TEM. Fig. 3 shows typical morphologies of the selected
K-OMS-2 and noble metal-loaded samples. The sample of
K-OMS-2 prepared at 15 °C shows nanorods of diameters
ranging from 20 to 50 nm. With increasing the synthesis
temperature to 70 °C, agglomerated nanoparticles with an
average size of ca. 10 nm were obtained. This is an
amorphous phase, as confirmed by the XRD pattern.
Materials in Fig. 3(c) and (d) have the similar nanorod
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Fig. 1. XRD patterns of K-OMS-2 materials synthesized at 15 °C (a),
40 °C (b) and 70 °C (c).
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Fig. 2. XRD patterns of K-OMS-2 and its metal-loaded products.
(a) K-OMS-2; (b) Ag/K-OMS-2 and (c) Pt/K-OMS-2.

morphologies as the unloaded K-OMS-2, but have longer
lengths after the addition of Pt. Ag species is characterized as
dispersed nanoparticles with a particle size of ca. 10 nm,
without significant aggregation. High-resolution TEM image
in Fig. 3(d) clearly shows that Pt nanoparticles have a
significantly smaller particle size of ca. 2 nm and are well
dispersed on the frameworks of cryptomelane tunnels. Apart
from the promotion of the migration/exchange of the oxygen
species, the mutual interaction of noble metal and support
material influences the reactive sites of catalyst [18]. There-
fore, this existence form of the supported noble metal would
affect the catalytic activity of catalyst.

The chemical compositions of the as-prepared products
were determined using the EDX method, and the results
are summarized in Table 1. It is indicated that the Ag and
Pt were successfully loaded in the cryptomelane materials.
The atomic weight percentages of Ag and Pt in the
K-OMS-2 samples are 3.27 and 1.52 wt%, respectively,
just slightly greater than their initial calculated values of 3
and 1 wt%.

The N, adsorption/desorption isotherms of K-OMS-2
materials are shown in Fig. 4. The K-OMS-2 nanorods
prepared at 15 and 40 °C show type II adsorption isotherms
at low P/P,. The hysteresis loops in the P/P, range above 0.5
are typical type H3 adsorption isotherms, suggesting the
presence of slit-shaped mesopores with nonuniform sizes,
probably due to the aggregation of particles. Notably, when
the synthesis temperature increases to 70 °C, the N, adsorp-
tion/desorption isotherm and its corresponding hysteresis
loop are quite different from those reported for regular
cryptomelane materials [19,20]. The isotherm exhibits an IV-
type curve according to the IUPAC classification of adsorp-
tion isotherms [21], and an obviously large hysteresis loop of
type H1 appears [22,23], indicating uniform mesopores. This
phenomenon probably originates from the small particle size
and narrow mesopore size distribution of the K-OMS-2
nanoparticles prepared at 70 °C.
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Fig. 3. TEM images of K-OMS-2 and its metal-loaded products. (a) K-OMS-2 (15 °C); (b) K-OMS-2 (70 °C); (c) Ag/K-OMS-2 and (d) Pt/K-OMS-2.

Table 1 Table 2
Chemical analysis for K-OMS-2 and its metal-loaded products. Textural properties of prepared K-OMS-2 materials.
Sample Composition (wt%) Temperature (°C) SBET (m?g~ ) Vp? (em® g™ ") Dp® (nm)
K Mn Metal loading 15 68 0.20 12
40 68 0.22 13
K-OMS-2 4.95 67.45 — 70 206 0.30 6
Ag/K-OMS-2 3.87 54.96 327
Pt/K-OMS-2 4.37 62.19 1.52 “Total pore volumes obtained at P/Py=0.99.
®Pore size determined from the desorption branch using the BJH
method.
240
210_' YN M"A (c) specific surface area 3buE 1slightly increase§ the pore volume
= ] A % from 0.20 to 0.22cm” g~ and the_pore diameter from 12 to
% 180- A/ / o2 ® 13 nm. It appears that the synthesis temperature lower than
o ] / /A /‘ 40 °C does not have much influence on the textural proper-
"’g 150 A /A /‘/ ties. However, as the temperature is raised to 70 °C, the
= /A} de @) specific surface area increases dramatically to 206 m* g~ '.
8 1207 A /.//./ The pore diameter of K-OMS-2 sample obtained at 70 °C is
§ 90- A ,A*‘" ‘__‘7': -® / found to be smaller than the other two materials. These
o | ff_.-t.-.'. - .# results match the XRD data (Fig. 1) and TEM images
E 60 /.,:: (Fig. 3) in terms of the particle size, as the further high
g 30_‘ .t—""r synthesis temperature of 70 °C lead§ toa mgmﬁcgnt chapge in
] -_._._-—-I-"-' morphology and great decrease in particle size, which is
0 . : . : . : . : . : accompanied by an increase in the specific surface area.
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/Pg)

Fig. 4. N, adsorption/desorption isotherms of K-OMS-2 materials:
(a) K-OMS-2 (15 °C), (b) K-OMS-2 (40 °C), and (c) K-OMS-2 (70 °C).

Textural properties of K-OMS-2 samples are listed in
Table 2. It can be seen that increase in the synthesis
temperature from 15 to 40 °C does not improve the sample

3.2. Catalytic activity

Catalytic activity of K-OMS-2 samples prepared at
different temperatures was evaluated in the formaldehyde
oxidation reaction, and the results are showed in Fig. 5.
Data obtained reveal that the synthesis temperature greatly
influences the catalytic performances. Evidently formalde-
hyde oxidation proceeds more effectively over the K-OMS-2
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Fig. 5. Effect of the synthesis temperature on the catalytic activity of K-
OMS-2 catalysts.
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Fig. 6. Performances of K-OMS-2 and metal-loaded catalysts in
formaldehyde conversion.

catalyst obtained at 70 °C, and 100% of CO, yield from the
formaldehyde decomposition is achieved at 200 °C.
Whereas the samples prepared at 15 and 40 °C only give
the CO, yields of ca. 54% and 42%, respectively, under the
same conditions. As mentioned above, the temperature
elevation for preparing K-OMS-2 catalyst results in a
dramatic increase in the specific surface area and the
formation of nanoparticles with small sizes, leading to a
large increase of surface active sites and more accessible
pore channels of K-OMS-2 for the adsorption and diffusion
of formaldehyde molecules. As a result, the activity
increases significantly.

Fig. 6 presents the catalytic activity of pure K-OMS-2 and
noble metal-loaded catalysts. Clearly, the formaldehyde
conversion strongly depends on the type of supported noble
metal. The Pt/K-OMS-2 catalyst exhibits higher activity than

the Ag/K-OMS-2 catalyst. This result is similar to those
reported for regular Pt and Ag supported catalysts. Previous
studies suggested that the addition of noble metals such as
Pt and Ag could highly improve the catalytic performance
in formaldehyde oxidation, and Pt supported catalyst was
much more effective than Ag supported materials [9,13].
However, as shown in Fig. 6, after Pt- or Ag-loading, the
catalytic activity decreases and thus the CO, yield drops from
54% to 41% and 21% respectively at the reaction tempera-
ture of 200 °C.

3.3. Discussion

It is known that the catalytic activity of noble metal-loaded
catalysts for the oxidation of formaldehyde and other volatile
organic compounds is influenced by a combination of factors
including preparation method, specific surface area, type and
particle size of noble metal, and the location of noble metal
on support materials [24-27]. Pt/K-OMS-2 and Ag/K-OMS-2
used in this work were prepared by the conventional impreg-
nation method as those used for other Pt and Ag loading
catalysts reported elsewhere. Meanwhile, Pt and Ag nano-
particles are well dispersed on the K-OMS-2 materials and
typically small. Therefore, the decrease in catalytic activity
of these catalysts cannot be significantly attributed to the
effects of the preparation method and the particle size of
noble metal.

As shown in Fig. 6, the support material, cryptomelane
manganese oxide itself shows high activity for formaldehyde
oxidation. Furthermore, different from support materials of
other noble metal-loaded catalysts, such as MnO,, CeO, and
so on [9,13], the current support has a tunnel structure
consisting of two edge-shared MnOg octahedra on each side
(2 x 2), exhibiting easy release of lattice oxygen and acidic
sites [28]. The dynamic diameter value of formaldehyde is
0.24 nm [29], very close to that of effective diameter (ca.
0.26 nm) of cryptomelane tunnels calculated by electron-
density distribution [30]. Based on these, the support struc-
ture and the location of the loaded noble metal seem to be
among the major factors contributing to the activity of
catalysts in the formaldehyde oxidation reaction. Fig. 3
reveals that Pt and Ag nanoparticles are well dispersed on
the surface of K-OMS-2 nanorods. High-resolution TEM
image clearly shows that the Pt nanoparticles are distributed
evenly over the entire surface of the framework of K-OMS-2
catalyst. This existence form of noble metals would signifi-
cantly cover the surface acidic sites and active sites of
manganese oxide catalysts [31]. Though the addition of Pt
and Ag could lead to the formation of lattice defects in which
mobility of oxygen species can be greatly promoted, the
influence of decreasing active sites seems to be relatively
higher in the current research [15]. Thus, for noble metal-
loaded catalysts, especially for those with highly active
support, the textural properties of support materials and
the existence form of noble metal nanoparticles have sig-
nificant effects on the formaldehyde oxidation reaction.
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4. Conclusions

We have demonstrated a facile sol-gel route to tailoring
the crystallinity, morphology, specific surface area and
pore structure, and hence the catalytic activity of crypto-
melane manganese oxides. K-OMS-2 with high specific
surface area of 206 m? g~ ', ultrafine particles of ca. 10 nm
and uniform mesopores were obtained at 70 °C, and it
exhibited excellent catalytic activity for formaldehyde
oxidation compared with those synthesized at lower
temperatures. Pt and Ag loaded K-OMS-2 catalysts were
synthesized by an impregnation method. Pt/K-OMS-2
showed higher activity than Ag/K-OMS-2 in the formal-
dehyde oxidation reaction, but showed degraded perfor-
mance compared to the unloaded K-OMS-2 catalyst,
which is quite different from those reported for regular
noble metal-loaded catalysts. Thus, not only noble metal
types, but also the support structure and the existence form
of the loaded noble metals exhibit significant influence on
the formaldehyde oxidation. The insights obtained in this
work would inspire further researches into the design and
synthesis of novel noble metal catalysts suitable for low-
temperature catalytic oxidation of formaldehyde and other
organic pollutants.
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