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1 INTRODUCTION

Porous oxides of transition metals hold many
advantages over aluminosilicate materials in areas of
electromagnetics, photoelectronics and catalysis
because transition metal atoms can exist in various
oxidation states [1]. In particular, manganese oxides
have attracted considerable attentions due to their
wide applications as catalysts [2], adsorbents [3], mag�
netic materials [4], sensors [5] and supercapacitor
electrode materials [6]. Since manganese oxides have
various advantages such as low cost, eco�friendly
property and fascinating application potentials, many
efforts have been devoted to the synthesis of porous
manganese oxides around the world.

Most of the methods applied in synthesizing the
porous manganese oxides were reported to use of tem�
plate technique [7] in the past decade. Xu and his co�
workers synthesized amorphous MnO2 via reduction
route using supramolecular as template and the prod�
uct exhibited excellent electrochemical is property [8].
The amorphous mesoporous MnO2 was reported to be
prepared by sonochemical method using surface mod�
ified SBA�15 as hard template. It showed a specific
surface area of 91 m2/g [9]. Macroporous Mn2O3 was
synthesized by Andreas Stein Group using polystyrene
spheres as template, and the product showed a BET
surface area of 20 m2/g [10]. Although templates facil�
itated the formation of the pore structure, expensive

1 The article is published in the original.

template agents were required and the purity of the
products was uncertain as removing the precursors.
Furthermore, the use of soft template caused low crys�
tallinity. Its low heat�resistivity above 400°C tended to
cause pore structure collapse at high temperature. The
strategy without the assistance of templates seems
more desirable in the preparation of porous manga�
nese oxides.

In this paper, a facile but novel template�free
approach was reported for preparing porous manga�
nese oxides. Micron sized MnCO3 crystal was synthe�
sized by a simple precipitation reaction. Porous man�
ganese oxides were then successfully prepared by
direct thermal decomposition of precursor in static air
without any additives. Amorphous MnO2 with meso�
porous structure and crystallized pure α�Mn2O3 with
macroporous structure were obtained. Similar method
has been applied in the formation of microporous
Mn2O3 by thermal decomposition of monoclinic man�
ganese oxalate in our previous work [11].

EXPERIMENTAL

Synthesis. All the chemical reagents are of analyti�
cal grade and purchased from Shanghai Chemical
Reagent Company which were used without further
purification. 0.2 mol/L Na2CO3 solution was first pre�
pared, then 0.2 mol/L MnCl2 solution was dripped
down in to the Na2CO3 solution while strong magnetic
stirring was applied at 30°C. Keep stirring for 30 min�
utes after the reaction. The precipitation was aged
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statically for 4 h and then filtered, washed with dis�
tilled water for several times and dried in an oven at
90°C for 12 h.

Thermal treatment was carried out with the
obtained precursor in a muffle furnace at temperatures
of 400, 600, 800°C for 2 h, the heating rate during cal�
cinations was controlled to be 10°C/min. The final
products were labeled as CT400, CT600, CT800.

Characterization. X�ray diffraction (XRD) of the
powder sample was performed by a Philips X Pert
MPD diffractometer using CuK

α
 radiation (λ =

0.15405 nm). Scan rate of 4°/min and step size of 0.04°
were applied to record the pattern in the 2θ range 10°–
75°. The operation voltage and current were 40 kV and
45 mA respectively. SEM images of the samples were

recorded on a Hitachi S�4700 model scanning elec�
tron microscopy. TG�DTA curves were determined by
a WCT�1 apparatus at a heating rate of 10°C/min in
atmosphere. N2 adsorption�desorption isotherms were
measured in a NOVA 1000e instrument at 77.36 K.
The resulting isotherms were analyzed by the BET
method.

RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the precursor.
The sharp diffraction peaks of the pattern can be
indexed to the 012, 104, 110, 113, 202, 024, 116, 122,
214 and 301 reflections of the rhodochrosite structure
correspondingly according to the standard card
JCPDS (44�1427). No characteristic peaks of other
impurities were detected, indicating the high purity of
the precursor. The crystallite size of the precursor esti�
mated by the Scherrer formula is about 22 nm.

The thermal behavior of precursor MnCO3 crystal
was illustrated in Fig. 2. The TG curve shows a large
weight loss range from the beginning to 520°C. The
initial weight loss around 100°C is attributed to the loss
of water which is corresponding to the first endother�
mic peak on the DTA curve. It can be seen from the
TG curve that an indistinct inflexion point near 360°C
can be discerned by the slope change of the TG curve
as shown in Fig. 2. A phase transformation is consid�
ered to be possible around this inflexion point. The
weight loss at 140–360°C is 24.77%.

Figure 3 shows the XRD patterns of the as�pre�
pared samples calcined at different temperatures. As
for the sample CT400 which was calcined at 400°C,
the diffused broad peaks at 2θ = 37.12°, 42.24°, and
56.18° can be identified to the amorphous MnO2

according to JCPDS (30�0820). While for CT600 and
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Fig. 1. XRD pattern of the precursor MnCO3.
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Fig. 2. TG�DTA curves for the precursor MnCO3.

Fig. 3. XRD patterns of the calcined samples: CT400 (1),
CT600 (2), CT800 (3).
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CT800, the sharp diffraction peaks can be identified to
be bixbyite (24�0508) as shown in Fig. 3 (scan 2 and 3).

According to Biernacki’s report [12], MnO was
first formed accompanied with the emission of CO2
during the first stage of the thermal decomposition of
MnCO3. Then MnO was prone to be oxidized by O2 in
the air simultaneously. The total reaction equation is
shown as following:

2MnCO3 + O2  2MnO2 + 2CO2. (1)
The theoretical value of the solid weight loss during
this process is 24.37%, which is very close to our
detected result above. With the increase of tempera�
ture, it was considered that the irregular order of the
amorphous phase recombined to form crystallized
phase for receiving enough energy. The reaction is
shown as following:

2MnO2  Mn2O3 + O2. (2)

This reaction is considered to happen above 500°C
according to the TG curve, accompanied with a small
exothermic peak close to 520°C on the DTA curve as
shown in Fig. 2.

The morphology of the precursor as well as the cal�
cined samples was detected by SEM measurement.
The MnCO3 crystal was spherical or nut�like which
was aggregated by sub�crystalline of 20–30 nm as
shown in Fig. 4a. The surface of the composite is

1
2
��

coarse. After heating at 400°C, no obvious pore struc�
ture can be observed with the sample CT400 as shown
in Fig. 4b. The surface morphology changed little
compared with the precursor. It was interesting to
observe macroporous structure (Fig. 4c) with sample
CT600. The pore size and shape were irregular. With
the heating temperature increasing up to 800°C, the
pore structure collapsed to form flat lamella as shown
in Fig. 4d.

Figure 5 shows representative nitrogen adsorp�
tion/desorption isotherms of sample CT400 and
CT600. The isotherm of CT400 is type IV according to
the classification of IUPAC. The hysteresis loop
obtained from sample CT400 mainly present in the
range of 0.4–0.9 P/P0. Such adsorption behavior indi�
cated the presence of the mesoporous structure. The
specific surface area of this sample is 135.1 m2/g as cal�
culated by the Brunauer–Emmett–Teller (BET) for�
mula. The sample CT600 exhibits an infrequent type
III isotherm which indicates the presence of
macroporous structure. The long hysteresis loop at
P/P0 = 0.16–0.98 indicates the broad pore size distri�
bution. The specific surface area of sample CT600 is
only 18.51 m2/g, which may be caused by the vast
transformation from mesoporous to macroporous.

(b)

(c)

(а)

500 nm

(d)

500 nm

500 nm 500 nm

1 μm

Fig. 4. SEM images of the precursor (a), sample CT400 (b), sample CT600 (c), sample CT800 (d).
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CONCLUSIONS

Porous manganese oxides are facilely prepared by a
template�free thermal decomposition method.
Micron�size MnCO3 crystal was first prepared by a
simple precipitation reaction. Porous manganese
oxides were then obtained by the controlled thermal
decomposition of the precursor MnCO3. Amorphous
mesoporous MnO2 was obtained at 400°C which
remained the surface morphology of the precursor and
had a specific surface area of 135.1 m2/g. Highly crys�
tallized macroporous Mn2O3 was prepared at 600°C
which had a specific surface area of 18.51 m2 g–1. This
approach commendably simplified the preparation of
mesoporous MnO2 and macroporous Mn2O3 with brief
process and low cost. Such method is supposed to be
applied to the preparation of other porous oxides.
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Fig. 5. N2 adsorption�desorption isotherms for samples
CT400 and CT600.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


