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Mn304 hexagonal nanoplates and nanoparticles were synthesized via a solvent-assisted hydrothermal
oxidation process at low temperature and a solvothermal oxidation method, respectively. The
synthesized product was characterized by powder X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), high resolution transmission
electron microscopy (HRTEM), electron diffraction (ED), Fourier transform infrared (FT-IR) spectro-
scopy. Their capability of catalytic oxidation of formaldehyde to formic acid at room temperature and
atmospheric pressure and electrochemical properties by cyclic voltammogram (CV) were compared.
The results showed that Mn304 hexagonal nanoplate is a better catalyst, and the hexagonal nanoplates
and nanoparticles modified electrodes blended with carbon black have a higher specific capacitance.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Nanomaterials feature high surface energy and reactivity result-
ing from their high specific surfaces and exhibit special electric,
magnetic, absorptive, and catalytic properties [1-6]. Manganese
oxide nanomaterials, with notably increased surface area and greatly
reduced size, are of great importance due to their wide-range
applications [7-9]. Brock et al summarized the electrochemical and
catalytic applications of manganese oxides. One of the most
important industrial applications of manganese oxides is oxidation
catalysis [10]. In particular, the studies with manganese oxides on
environmental reactions such as ozone decomposition, oxidation of
organic pollutants, reduction of nitric oxide, and NO and NO,
decomposition have been focused. Mn3;04 is known to be an
effective catalyst to limit the emission of NO, and CO, or oxidation
ethanol [11,12]. In addition, Mn304 nanomaterials as a potential
capacitor material were studied [13-15].

The properties of semiconductor nanostructured materials
depend not only on their chemical composition but also on their
shape and size. Mn30, was often synthesized by the high-
temperature calcination of either higher manganese oxides
(MnO,, Mns0s, and Mn,0s), or Mn" and Mn™ oxysalts, hydro-
xides, or hydroxyoxides [16]. In the last decade, various different
shape and size Mn304 nanocrystals have been synthesized by
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various techniques, for instance, single-crystal Mn304 nanorods
were obtained by a simple chemical method [17]; polyhedral
nanocrystals were prepared by a microwave-assisted solution-
based method [18]; nanoparticles were prepared by oxidation
precipitation method [19,20], vapor phase growth [21] and
thermal decomposition [22,23]; hierarchical structure with
radiated spherulitic nanorods was prepared via a simple solu-
tion-based coordinated route, or under mild and organic free
template [24,25]; porous hexagonal plates were prepared by a
hydrothermal method [26]; thin films were prepared by chemical
bath deposition [27]; nanofibers were prepared by sol-gel process
[28]; three-dimensional nanostructures were synthesized by soft
chemistry templating process [29]. However, the exploration of
low-temperature routes for the synthesis of Mns04 has, therefore,
been worth attempting. Recently, nanocrystals like rods were
obtained by one-step room-temperature synthesis [12] or by
hydrothermal and solvothermal process [30,31], y-Mn304 nanor-
ods were also gained by one-step low-temperature alcohol-water
thermal route [32], the uniform and ligand-capped nanocrystals
with hausmannite structure could be prepared from MnO by
controlled chemical oxidation [33,34].

Herein, we report the synthesis and characterization of two
shapes of manganese oxide nanomaterials with polycrystalline
structures: hexagonal nanoplates via a solvent-assisted hydro-
thermal oxidation process and nanoparticles via a solvothermal
route, and compare their difference of electrochemical character-
ization and catalytic oxidation of formaldehyde to formic acid at
room temperature and atmospheric pressure.
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2. Experimental procedures
2.1. Materials

MnCl, - 4H,0 (99%), ammonium hydroxide (25-28%), potas-
sium hydroxide, methyl orange, formaldehyde (37-40%), ethanol
glycol (95%), manganese acetate tetrahydride, ethanol absolute
(99%), n-butylamine (98.5%), graphite powder (spectral reagent)
and paraffin oil were purchased from Sinopharm Group Chemical
Reagent Co., Ltd., China.

2.2. Synthesis of hexagonal nanoplates

In a typical procedure, 3.13 mmol MnCl, - 4H,0 was dissolve in
50 ml distilled water. Then, 30 ml ammonium hydroxide solution
(0.15M) was added to the manganese chloride solution under
continuous stirring, then 5ml NaOH (1.2 M) was slowly added
dropwise to the above solution. The pH value of this system was
about 12. Then the sample was transferred to a flask and heated
under reflux at 80 °C for 3 h. The brown precipitate was collected
by centrifugation at 8000rpm for 10min and washed with
distilled water and absolute ethanol several times to remove the
excessive reactants and byproducts, followed by drying in a
vacuum at 60°C for 14h and the brown precipitates were
collected for characterization.

2.3. Synthesis of nanoparticles

In this procedure, 2 mmol manganese acetate tetrahydride and
1mmol n-butylamine were dissolved in 10mL deionization
water, 50 mL absolute ethanol was added and stirred at room
temperature for 15min, 0.8 mL KOH (2M) was added under
continuous stirring and the resulting solution was sealed into an
80 mL Teflon-lined stainless steel autoclave and heated at 180°C
for 14h in an electric oven. The autoclave was cooled to room
temperature naturally when the reaction time was finished.
Brown product was collected by centrifugation at 8000 rpm for
10min and washed with distilled water and absolute ethanol
several times to remove the excessive reactants and byproducts,
followed by drying in a vacuum at 60°C for 14h. The brown
powders were collected for characterization.

2.4. Characterization

The X-ray diffraction (XRD) pattern of the products was
recorded by employing a PANalytical B.V. (Philips) y'Pert PRO
XRD with Cu KR radiation at 1.54060A and a scanning rate of
0.02s~'. The FT-IR spectra of the products were obtained with an
EQUINOXS55 Burker FT spectrometer in the range 400-4000 m !
at room temperature, with the sample in KBr disk. The
morphology and size of as-prepared microstructure of the
products were observed by FEI Sirion 200 field emission scanning
electron microscopy (FE-SEM). The SAED and transmission
electron microscopy (TEM) images were observed on a Tecnai
G220 transmission electron microscopy. High-resolution trans-
mission electron microscopy (HRTEM) images were carried
out on a JEM-2010FEF TEM at an acceleration voltage of
200KkV. The partial degradation of formaldehyde measurement
by ultraviolet-visible (UV-vis) absorption spectrum was recorded
on (SHIMADZU kv) spectrometer.

2.5. Cyclic voltammograms

All electrochemical measurements were performed on a
CHI610B electrochemical workstation (Shanghai Chenhua Co.

Ltd., China) in a three-electrode system. The working electrode
was a nano-Mns04 modified carbon paste electrode (CPE). A Pt
wire and a saturated calomel electrode (SCE) were used as the
counter and reference electrodes, respectively.

The Mns304 nanoplate-modified CPE (Mn304-NL/CPE) was
prepared as follows: 20mg Mns04 nanoplates and 100 mg
graphite powder were mixed uniformly by milling in a small
carnelian mortar, and then 25 pL paraffin oil was added into and
milled again to give a homogenous modified carbon paste. After
that, the resulting carbon paste was pressed into the end cavity
(3 mm in diameter, 1 mm in depth) of the electrode body, and the
surface was polished with a smooth paper. The Mn30,4 nanopar-
ticles-modified CPE (Mn304-NP/CPE) was constructed in the same
procedure. It is necessary to note that the amount of paraffin oil
must be carefully controlled because excessive paraffin oil will
lower the conductivity, while insufficient paraffin oil is not
beneficial to obtain uniform Mn304 modified carbon paste.

2.6. Catalytic oxidation of aldehyde

The catalytic oxidation of aldehyde (formaldehyde or benzal-
dehyde) was carried out in a 250 mL three-neck flask at 30°C
under magnetic stirring; 2.4mmol aldehyde was dissolved in
100 ml deionization water, then transferred to the flask and air as
oxygen source was pumped by air pump. The absorption values of
the solution were recorded at Aj.x 464nm by using UV-vis
spectrometer. When 0.1 mmol Mn30,4 powder was added to the
flask, timing began. Four ml of the solution was taken at different
times, the catalyst powder was removed by filter paper, then
2 pumol of methyl orange was added to the solution, and the
absorption values were recorded.

3. Results and discussion
3.1. Mns04 nanoplates

Fig. 1(a;) shows the XRD spectrum of as-synthesized Mns04
hexagonal nanoplates. All of the diffraction peaks can be indexed to
tetragonal phase structured Mns0, with a lattice constant (a=5.76 A
and ¢=9.47 A), which is in good agreement with the standard data
from JCPDS card (no. 024-0734) (Fig. 1(a3)). No impurity phases can
be detected. Fig. 1b shows Fourier transform infrared (FT-IR)
spectrum of the as-prepared Mn30,4 product, displaying a notable
resemblance to those of Mn3O, obtained in previous studies
[16,35,36]. In the region from 650 to 500cm~! of the observed
spectrum, two absorption peaks were observed at 626.94 and
524.88cm~ ", associated with the coupling modes between the
Mn-O stretching modes of tetrahedral and octahedral sites. In the
region from 500 to 400 cm !, one peak at 417.66 cm ™! is attributed
to the band-stretching mode of the octahedral sites. Moreover, other
peaks might come from absorbed water, ethanol (wash solvents)
and ammonia. Therefore, the FT-IR spectra further confirms the
formation of the product.

The morphologies of products were investigated by FE-SEM.
The low-magnification FE-SEM morphology of the as-prepared
product is shown in Fig. 2a and the sample consists of nanoplates
in high quantity and homogeneousness; the high-magnification
image is shown in Fig. 2b. The obtained products exhibit a
hexagonal shape, and some nanoparticles are randomly adsorbed
on the surface of nanoplates. The edge length of the nanoplate is
around 100 nm and the thickness is about 10 nm. TEM image of
Mn30,4 nanoplates is shown in Fig. 2c. The corresponding selected
area ED pattern (inserted in Fig. 2c) revealed that the nanoplate
was polycrystalline structure. More details of the nanoplates were
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Fig. 1. XRD patterns of the materials. (a;) Before catalytic reaction, (a,) after catalytic reaction, and (as) the standard data from JCPDS card no. 024-0734, (b) FT-IR spectrum

of the synthesized Mn304 hexagonal nanoplates; MMn304-JCPDS card no. 75-1560.

investigated by HRTEM. Fig. 2d is the HRTEM image of the Mn30,4
crystal nanoplates taken from Fig. 2c. The interplanar distance
calculated from the lattice fringes of sample is 0.324 nm, almost in
accordance with the {112} lattice distances of tetragonal Mn30,4.
The ammonium hydroxide and NaOH were proved to play an
important role for the formation of trimanganese tetraoxide
hexagonal nanoplates. When ammonium hydroxide or sodium
hydroxide was canceled under the same conditions, as shown in
Fig. 2e and f, the smaller nanoparticles were obtained.

In this preparation, the chemical reactions to obtain as-
synthesized hexagonal nanoplates may be formulated as follows:

MHC]Z +2NH40H - MH(OH)Z =+ 2NH4C1

Mn?* +nNH; - Mn(NH3)2t  (n=1-4)

6Mn2+ +0,+120H" —2Mn;04 4+ 6H,0

Coordination compound of manganese ammoniate might play
a role in controlling not only release velocity of Mn?* ions, but
also growth direction of Mn30,4 nanocrystal. Recently the effects
of pH and ammonia on the Mn304 morphology were investigated
[22,37]. We believe that excessive NHs; as the ligands were
adsorbed on two surfaces of nanaoparticle and played a role of
capping agent, suppressing the growth rate of two planes. As a
result, the edge of nanoplate covered with the fewest NHj3
molecules grew fastest and nanaoplates were formed.

3.2. Mn304 nanoparticles

To compare the effects of different shapes and sizes on the
electrochemical properties and catalytic oxidation of formaldehyde
to formic acid, another nanomaterial, MnsO4 nanoparticle, was
prepared. A typical XRD pattern of the as-synthesized Mn304
nanoparticles from manganese acetate tetrahydride, n-butylamine
and potassium hydroxide through solvothermal process at 180 °C for
14 h is shown in Fig. 3(a;). All diffraction peaks can be indexed to
tetragonal phase structure of Mn3;04 with a lattice constant (a=5.765
and 9.442 A), which is in agreement with the standard data from
JCPDS card no. 80-0382 in Fig. 3(a3). The FT-IR spectrum of
nanoparticles is showed in Fig. 3b. Similar to nanoplates, there
were three peaks at 412.26, 530.93 and 636.61cm™! in the spectra
region from 650 to 400cm~!, confirming that the product was
Mn30,4. Analogously, there were interactions between organic
molecules and nanoparticles. The bands at 1550-1514, 1453 and

1358cm ™! could be ascribed to the C-H bending vibrations and
absorption at 1122.77 cm~! matches the C-N stretching. The broad
bands centered at 3400 and 2927 cm™' are assigned to the O-H
stretching and bending modes of water.

The morphologies of the as-prepared products were examined
by FE-SEM. The panoramic morphology of the sample (Fig. 4a)
shows that the sample consists of nanoparticles in high quantity
and homogeneousness. The high-magnification image and TEM
image of the sample shown in Fig. 4b and c indicate that the
average size of the nanoparticles is around 30 nm. Corresponding
selected area ED pattern (inserted in Fig. 4c) indicates that the
Mn304 nanoparticles were also polycrystalline structure. The
high-resolution TEM (HRTEM) image of the Mn30,4 nanoparticle is
shown in Fig. 4d, the calculated interplanar distance is about
0.483 and 0.273 nm, which correspond to {101} and {103} planes
of particle Mn30,, respectively. Partial Mn*? were oxidated into
Mn*3 due to limited existence of oxygen in the autoclave under
such basic condition and Mn304 nanoparticles were formed.

In this synthesis system, the n-butylamine ligands have
great effects on the morphology of the final nanoparticles. When
n-butylamine was canceled under the same conditions, as shown
in Fig. 4e, the morphology of the final nanoparticles was changed
and the smaller nanoparticles were obtained.

3.3. Electrochemical properties

The electrochemical properties of Mn3;04 nanoplates (NL) and
nanoparticles (NP) modified CPE electrodes (MnsO4-NL/CPE
and Mns304-NP/CPE) were characterized using the probe of
Ks[Fe(CN)g]. Figs. 5a and b depict the cyclic voltammograms of
Ks[Fe(CN)s] at CPE and the Mn304-NL/CPE or Mn;04-NP/CPE.
From the comparison, it is apparent that the electrochemical
responses of Ks[Fe(CN)g] are greatly improved at Mns04-NL/CPE
and Mn304-NP/CPE. On one hand, the reduction peak poten-
tial shifts positively, and the oxidation peak potential shifts
negatively, suggesting that Mns04-NL or Mn3;O4-NP exhibits
catalytic activity to the reduction of Ks[Fe(CN)g]. On the other
hand, the reduction and oxidation peak currents remarkably
increase, which is consistent with marked increase of surface
area of modified CPE. According to Randles-Sevcik equation
(ip=(2.687 x 10°)n®?v12D12AC), the effective surface area of
unmodified CPE is about 0.041cm?, however, the effective
surface area of Mn304-NL/CPE and Mn304-NP/CPE is 0.196 and
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Fig. 2. (a) Representative SEM images, (b) high-magnification SEM images, (c¢) TEM images (insert, a selected area electron diffraction pattern), (d) HR-TEM images of the
Mn304 nanoplates prepared by oxidation-reflux method at 80 °C for 3 h, (e) and (f) FE-SEM images of the as-prepared product without ammonia and sodium hydroxides
under the same conditions.
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Fig. 3. XRD patterns of the materials. (a;) Before catalytic reaction, (a,) after catalytic reaction, and (as) the standard data from JCPDS card no. 80-0382, (b) FT-IR spectrum

of the synthesized Mn304 nanoparticles; MMn304-JCPDS card no. 75-0765.

0.194 cm?, respectively, which is more than 4.7 times of that of
CPE. This result indicates that Mn304-NL and Mn304-NP possess
notable surface enhancement effect.

However, both modified electrodes exhibit similar current
responses in their CVs (Fig. 5c). The specific capacitance of the
electrodes can be obtained by the following equation [38]:

Q

C(F/g)= AE.m

where Q is the voltammetric charge, AE is the voltage window,
and m is the mass of the material of the electrode. The specific
capacitance of Mn304 hexagonal nanoplates modified CPE is about
237Fg~! and the specific capacitance of Mns0, nanoparticles
electrode is about 226 Fg~ .

3.4. Partial oxidation of the formaldehyde

The oxidation of formaldehyde by Mns04 nanocrystals in
aqueous solutions is illustrated by UV-vis spectrometer
(Fig. 6(a;)). Three curves (curve I, II, III) represent without
catalyst, with Mn304 nanoparticles, and with Mn304 nanoplates,
respectively. We can see the value of absorption without change
in curve I and a little increase in curve Il with the increase of
reaction time. However, in curve III, the value of absorption
increases observably with the increase of reaction time and, in
these cases, formaldehyde as reducing agent was oxidated into
formic acid by oxygen under catalysis of Mn3;0,4 nanoplates.

CH,0+1/20,"™2*HCOOH

The mechanism of this reaction can be considered a pseudo
first order (excess oxygen). According to the rate constant formula
(k=(2.303/t)log (Ao/Ar)), the rate constant of formaldehyde oxida-
tion catalyzed by Mns04 nanoplates is about 2.9 x 10~ ?min !
(Fig. 6(b;)), and by Mn30,4 nanoparticles is 0.96 x 10~2min~
(Fig. 6 (c1)).

To compare the catalytic activities of Mn30,4 nanocrystal for
the oxidations of other substrates besides CH,0, the oxidation of
benzaldehyde under the same procedures and conditions was
studied. As shown in Fig. 6(a,), the three curves (curve A, B and C)
represent without catalyst, with Mn304 nanoparticles, and with
Mn304 nanoplates, respectively. Compared with the oxidation of
formaldehyde, the difference of the catalytic activity of nanopar-
ticles and nanoplates for the oxidations of benzaldehyde is

1

smaller. It could be related with solubility of benzaldehyde. The
rate constant of the catalytic oxidation of benzaldehyde by Mn30,4
nanoplates is about 5.67 x 10">min~"! (Fig. 6(b,)) and is about
4.895 x 10~3>min~"! by Mn30, nanoparticles (Fig. 6(c5)).

The morphology of the Mn304 nanoplates and nanoparticles
after catalytic oxidation of formaldehyde were examined by
FE-SEM, as shown in Fig. 7. Before and after the catalytic oxidation
of formaldehyde, there are changes significantly in morpho-
logies for Mn3;0,4 hexagonal nanoplates and nanoparticles. The
hexagonal nanoplates and nanoparticles all were broken into
pieces. Furthermore, their crystallite structures after the catalytic
oxidation of formaldehyde were studied by XRD patterns, all the
diffraction peaks can be indexed to tetragonal phase of Mn30,4
according to JCPDS 24-0734 for nanoplates and JCPDS card
no. 80-0382 for nanoparticles except lesser peaks (Fig. 1(a;) and
Fig. 3(a2)).

In general, the catalytic activity of materials is connected with
their surface areas. However, Mn30, nanoparticles and nano-
plates have almost same effective surface area on the modified
CPE electrodes from above calculation. Therefore, similar to Zhang
et al. results [39], it may be speculated that the Miller-index of the
crystal plays an important role in the catalytic activity of
nanoparticles and nanoplates for the oxidations of aldehyde.

4. Conclusions

In this work, trimanganese tetraoxide (hausmannite) nano-
crystals with different shapes, hexagonal nanoplates and nano-
particles, were successfully synthesized by a solvent-assisted
hydrothermal oxidation process at low temperature and a
solvothermal oxidation method, respectively. Mn30, hexagonal
nanoplates have an average diameter around 170 nm, with the
thickness of about 10 nm, while average size of the nanoparticles
is about 30nm. Mn304 nanoplates have a higher activity of
catalytic oxidation of formaldehyde to formic acid than nanopar-
ticles in aqueous solution at room temperature, speculating that
the Miller-index of the crystal plays an important role in the
catalytic activity of nanoplates and nanoparticles for the oxida-
tions of aldehyde. The cyclic voltammograms show the hexagonal
nanoplates and nanoparticles modified electrodes blended with
carbon black have a higher specific capacitance.
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190 rirn

Fig. 4. (a) FE-SEM panoramic images, (b) FE-SEM magnification images, (c) TEM images (inserted, a selected area ED pattern), (d) HR-TEM images of Mn30,4 nanoparticles
as-prepared through solvothermal process at 180 °C for 14 h, (e) FE-SEM images of as-prepared product without n-butylamine under the same conditions.
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Fig. 7. FE-SEM images of the Mns0,4 nanocrystals after catalytic oxidation of formaldehyde. (a) Mn30,4 nanoplates, (b) Mns04 nanoparticles.
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