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Abstract

Nanocrystalline manganese oxide powders were synthesized by an inert gas condensation technique. The manganese oxide powders, prepared

from vaporized metallic manganese in a helium pressure of 10 mbar, then oxidized under the oxygen pressures of 50 and 100 mbar, exhibited a

mixture of b-Mn, MnO and Mn3O4 phases. X-ray diffractometry (XRD) analysis identified the predominant oxide formation of the as-prepared

powder to be the phase of MnO. In situ synchrotron XRD and differential scanning calorimetry (DSC) data showed that synthesized manganese

powder converts from b-Mn to MnO in the temperature range of 150–250 8C and subsequently converts to Mn3O4 above 250 8C. Transmission

electron microscopy examinations confirmed that oxidation starts from the surface of the condensed b-Mn particles. Detailed valance variations of

manganese of the resulting powders were investigated by synchrotron X-ray absorption spectroscopy techniques.
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1. Introduction

Nanoparticles have attracted considerable interest in various

physical and chemical fields since their fundamental properties

are found relatively different from those of their corresponding

bulk state. Accordingly, a number of methods have been

developed for the preparation of metal/oxide particles, such as

gas condensation method [1–6] and sol–gel process [7–9]. In

gas condensation, the particle formation and solidification

occur when undercooled metal droplets with a ‘‘liquid-like’’

amorphous state which is generated from supersaturated metal

vapor at a moderately rapid undercooling rate. This technique is

thus commonly used to synthesize nanosized and metastable

phased materials [6].

Manganese oxides, where the manganese can exhibit in

many different valence states, are promising supercapacitor

materials due to the low cost of raw materials and the fact that

manganese is considered more environmentally friendly than
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other noble metal oxides [10–12]. In previous studies, Dimesso

et al. [3] have demonstrated that manganese oxides can be

prepared by an inert gas condensation technique by annealing

in air and oxygen at various temperatures for different times.

The predominant phase of MnO and Mn3O4 are obtained after

annealing at a temperature of 400 8C in air. The particle size of

the nanocrystalline manganese is found to be increases with the

increasing time. In addition, the growing interest in super-

capacitors has been stimulated by their potential application as

electric storage devices operating in parallel with the battery in

an electric vehicle to transiently provide high power [13,14].

Supercapacitors fill the gap between batteries and conventional

capacitors in terms of their specific energy and specific power.

In the present work, manganese oxide powders were

prepared by an inert gas condensation technique. Various

pressures of oxygen were filled into the chamber where

manganese raw material was heated and oxidized after the

condensation of manganese powder. The prepared nanocrystal-

line manganese oxides were characterized by conventional

X-ray diffractometry (XRD), transmission electron microscopy

(TEM), differential scanning calorimetry (DSC), in situ

synchrotron X-ray diffractometry and X-ray absorption
d.
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spectroscopy. The characterization results provide invaluable

information to further processing and performance of these

manganese oxide-based supercapacitors.

2. Experimental methods

2.1. Manganese oxide powder preparation

The manganese oxide powder was prepared using an inert gas

condensation technique. The schematic representation of the

experimental setup is shown in Fig. 1. The system consisted of (a)

a vacuum chamber with a vacuum system, (b) a heating power

supply with a temperature control system, (c) an atmospheric

control system to obtain the product powder with a desired

composition, and (d) cooling system with a liquid nitrogen piped

cold trap. The vacuum chamber includes a tungsten boat for

melting the bulk manganese, a vacuum pumping system, a

vacuum gauge, and a cold trap for powder condensation.

The manganese metal was placed in the tungsten crucible in the

vacuum chamber under a helium atmosphere. The pressure of the

helium gas was maintained at 10 mbar before the evaporation of

manganese. The tungsten crucible is heated by a dc-voltage

provided resistance heating source. The helium gas decreases the

kinetics of metal atoms by colliding the particles with each other

during the condensation, controlling the growth and/or coales-

cence of the particles [15]. The manganese metal was then

thermally evaporated into metallic vapor, condensing rapidly

onto the cold trap to form fine particles. The cold trap is cooled

with piped liquid nitrogen. After condensing the manganese,

oxygen gas with respective pressures of 50 and 100 mbar was

then refilled to react with the metallic manganese to form

manganese oxides. The separation between the melted metal and

the cold trap was optimized to control the nucleation-growth pro-

cess for obtaining fine powders with appropriate particle sizes.

2.2. Characterization of manganese oxide powder

The phase identification of the product powders was

performed by XRD (SRA M18XHF, MAC. Science Co.,
Fig. 1. The schematic representation of gas condensation setup.
Japan) with a Cu Ka radiation (l = 1.54184 Å) in the 2u range

30–908 at a scanning rate of 68 2u/min. The respective operation

electrical voltage and current are 50 kV and 200 mA. The

morphology of the resulting powders was observed using

transmission electron microscopy (Model 800, HITACHI Co.,

Tokyo, Japan). The thermal behavior of the prepared powders

was determined by a differential scanning calorimetry (SDT-

2960, Simultaneous DSC-TGA, TA Instrument) under gaseous

argon with a flow rate of 25 ml/min for removal of product

gases.

In situ synchrotron XRD identifications were performed

with increasing the heating temperature at the National

Synchrotron Radiation Research Center (NSRRC), Hsinchu,

Taiwan; with an intense photon flux from the Wiggler-A

beamline using a constant wavelength of 1.3271 Å. The X-ray

absorption spectroscopy (XAS) was also performed at the

NSRRC; with a photon flux from the Wiggler-C beamline. The

Wiggler-C beam-line was optimized for X-ray photon energy in

the 0.8–15 KeV range (the K-edge of Mn is at 6.54 KeV) for the

transmission mode X-ray absorption near-edge structure

(XANES) and extended X-ray absorption fine structure

(EXAFS) measurements. The XANES was performed by

measuring the Mn K-edge absorption spectra, determining the

valence changes of manganese atoms. The Fourier transforma-

tion of the EXAFS spectra obtained from the individual shells

of atoms were also measured to estimate the Mn–Mn and Mn–

O distances for comparison. A manganese foil was used to

calibrate the photon energy before and after the EXAFS exams.

3. Results and discussion

The nanocrystalline manganese oxide powder was prepared

from the vaporized manganese in a helium atmosphere, and

then reacted with the introduced oxygen gas at the respective

oxygen pressure of 50 and 100 mbar. Fig. 2 shows the X-ray

diffraction patterns of the nanocrystalline manganese oxide

powders under different oxygen partial pressures. The as-

deposited powders were identified as a mixture of b-Mn

(majority), MnO, and Mn3O4 phases. The presence of impure
Fig. 2. X-ray diffraction patterns of the as-prepared powders under different

oxygen partial pressure.



Fig. 3. TEM micrographs of the as-prepared powders under oxygen partial pressures of (a) 50 mbar and (b) 100 mbar.

Fig. 4. DSC curves of the as-prepared powders under different oxygen partial

pressure.
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gases such as oxygen, nitrogen, and water vapors may obstruct

the metal atoms to increase the condensation time from the

vaporization source to the cold trap. It leads the manganese

atoms to form larger particles or oxidize into MnO and/or

Mn3O4. The predominant formation of oxides shown in Fig. 2

was identified as the phase of MnO. The relative intensity of

MnO diffraction peaks increases with the increase of the

oxygen partial pressure, whereas the relative intensity of

Mn3O4 diffraction peaks shows no significant change in XRD

data. Moreover, the relative intensity of diffraction peaks of b-

Mn decreases with increasing the oxygen partial pressure due to

the decrease of the amount of b-Mn, though the phase of b-Mn

is still the majority.

Fig. 3 shows the TEM micrographs of the nanocrystalline

manganese oxide powders under the oxygen partial pressures of

50 and 100 mbar. In both the micrographs, the dark particles are

found to be the b-Mn with larger particle size, while the smaller

particles with a chain-like morphology are believed to be the

MnO and the Mn3O4. With increasing the oxygen pressure, b-

Mn reacted with oxygen to result in the formation of Mn-oxides

(MnO and Mn3O4). It implies that the amount of b-Mn

deceases with the increase of oxygen pressure, whereas, the

amount of Mn-oxides increases. The results show a good

agreement with the increasing peaks of Mn-oxides in Fig. 2.

The oxidation started on the surface of the b-Mn particles,

leading the transparent oxide shell to be found on the b-Mn

particles in the TEM micrographs. A comparison of Figs. 2 and

3, the oxide shell covered on the large b-Mn particles tended to

prevent the further oxidation of the metallic manganese. The

residual b-Mn thus retains in the core of the particles,

exhibiting the major phase of b-Mn in all the product

nanocrystalline manganese even after the treatment of oxygen

atmosphere.

Due to the high surface energy of nanocrystalline particles as

well as their unstable thermal properties, the DSC analysis was

used for the determination of thermal behavior of as-prepared

powders, as shown in Fig. 4. The DSC was carried out in the

temperature range from room temperature to 500 8C at a

heating rate of 5 8C/min under a gaseous argon flow for

preventing oxidation of nanocrystalline manganese. It can be

noticed that two exothermic peaks occur in the temperatures

ranges of 150–250 8C and 300–350 8C. In the previous study,

Berbenni and Marini [16] demonstrated the results from the
non-nanoscale manganese particles that metal manganese (a-

Mn or b-Mn) first transforms into MnO at �300 8C, and

subsequently converts from MnO to Mn3O4 at �500 8C. A

comparison with the DSC data, it can be found in Fig. 4 that the

temperature of the phase transformation was reduced obviously

due to the high surface area of the nanosize manganese

particles. The nanocrystalline manganese underwent phase

transitions in lower temperature ranges, indicating that the high

surface energy of the nanosize particles may overcome easily

the energy barrier of the transformation. The particle size thus

influenced significantly the thermal behavior of the powders.

From the data of DSC analysis in Fig. 4, the exothermic peak in

the temperature range of 150–250 8C attributed to the

conversion of b-Mn to MnO. Because the b-Mn particles

were larger in size and covered with an oxide shell (Fig. 3(a)),

the transformation of b-Mn to MnO exhibited a broadened peak

due to the higher conversion energy. With increasing the

oxygen pressure up to 100 mbar, the dashed line in Fig. 4, the

thickness of the oxide shell on the b-Mn particles increased to

result in the higher conversion energy. Moreover, the

exothermic peak for the temperature range of 300–350 8C is

believed to be the conversion of MnO to Mn3O4. Because the

transformation of MnO to Mn3O4 resulted from the valence

change of manganese, the exothermic reaction showed to be

less significant than that of b-Mn to MnO.
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In order to investigate the phase evolutions of the as-

prepared powders, in situ synchrotron X-ray diffractometry

was carried out with the increasing temperature using a

constant wavelength of 1.3271 Å. Figs. 5 and 6 show the in

situ synchrotron XRD patterns of the nanocrystalline

manganese under oxygen pressures of 50 and 100 mbar as

a function of heating temperature. The b-Mn phase prepared

under the oxygen pressure of 50 mbar is found, in Fig. 5, to

transform into MnO at the early stage of the heating process.

The relative intensity of b-Mn peaks decreased gradually

with the increasing temperature, whereas that of MnO peaks

increased. When the heating temperature was up to 300 8C,

no obvious b-Mn peaks can be found, implying that the b-

Mn converted into Mn-oxides completely. Similarly, the

Fig. 6 reveals that the relative intensity of b-Mn peaks

decreased with the increasing temperature as the powder was

treated under the oxygen pressure of 100 mbar. Whereas, the

MnO is found to exist in the as-prepared powder at room

temperature; the relative intensity of the MnO peaks

increased slightly from room temperature to 250 8C.

Subsequently, the phase transition of MnO to Mn3O4

occurred when the temperature elevated to 300 8C. The

Mn3O4 is thus expected to be a stable phase when the tem-

perature higher than 300 8C. Comparison of the nanocrystal-

line manganese oxide powder treated in both the oxygen

pressures, because the oxide shell covered on the b-Mn
Fig. 5. In situ synchrotron X-ray diffraction patterns of the as-prepared powder

under a oxygen pressure of 50 mbar as a function of heating temperature.

Fig. 6. In situ synchrotron X-ray diffraction patterns of the as-prepared powder

under a oxygen pressure of 100 mbar as a function of heating temperature.
particles was relatively thin, a conversion of b-Mn to MnO

occurred in the powder prepared under the oxygen pressure

of 50 mbar in lower temperature range of 150–250 8C.

However, when the manganese oxide powder is treated with

100 mbar oxygen, the thickness of the oxide shell covered on

the b-Mn was increased, leading to the raise of conversion

temperature in the range of 200–250 8C. It shows a good

agreement with that of DSC analysis in Fig. 4. The results

served to confirm that the Mn-oxides can be prepared from

the heated manganese powder at a constant temperature

without further oxygen treatment.

Comparison of the in situ XRD data and the DSC analysis,

DSC curves show the reaction peaks within the temperature

ranges of 150–250 8C for the formation of MnO, and 300–

350 8C for the formation of Mn3O4. Though the MnO phase

was present in the as-prepared powders which were treated in

both the oxygen pressures of 50 mbar and 100 mbar, the

intensity of MnO peaks relative to that of b-Mn peaks increased

in the temperature range of 150–250 8C, implying the

formation of MnO phase. It shows an agreement with the

results of DSC analysis. Moreover, though the temperature

range of 250–300 8C shown in the in situ XRD data did not

satisfy the highest value for the formation of Mn3O4 shown in

DSC data, the relative intensity of MnO to Mn3O4 decreased in

such the temperature range, suggesting the conversion of MnO

to Mn3O4. Therefore, the formation of Mn3O4 does not only



Fig. 7. Manganese K-edge absorption spectra for the as-prepared nanocrystal-

line manganese oxide powders under different oxygen partial pressure.
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start above the temperature of 300 8C for the results of DSC

analysis, but also generates above 250 8C for the evidence of in

situ XRD identification.

Synchrotron X-ray absorption technique was carried out for

the local structure (short range) identifications of manganese in

nanocrystalline powders treated in various oxygen pressures. In

the previous study [17–20], the energy of the main absorption

edge was found to be increased when manganese valence

increases, implying that the Mn valence structures with

different energy regions can be distinguished in the Mn K-

edge spectrum. Fig. 7 shows the X-ray absorption spectra for

the as-prepared powders treated under various oxygen

pressures. The prepared nanocrystalline manganese oxide

powders were identified by XRD analyses to be the phases of b-

Mn, MnO and Mn3O4. Because the respective Mn valences of

b-Mn, MnO and Mn3O4 in the prepared powder are 0, +2 and

+2.67, the X-ray absorption spectra are contributed by the

manganese ions with the three different valences. Fig. 8 shows

the one-order differential curves obtained from the XANES
Fig. 8. One-order differential XANES spectra for the as-prepared nanocrystal-

line manganese oxide powders under different oxygen partial pressure.
spectra in Fig. 7. In both the Figs. 7 and 8, four major regions,

A, B, C and D, are labeled in these spectra due to their different

features. The features of the XANES spectra found in this

system are quite similar. These are assumed to result from the

similar nature of the orbitals involved in these manganese

structures. Such the effects caused by the atomic orbitals and

electronic states of manganese can not offer significant energy

shift in these XANES spectra; whereas, only influence the

relative intensity caused by different absorption energy

involved in the transitions between electronic states. Compar-

ing the two differential XANES spectra for the nanocrystalline

manganese oxide powders prepared in various oxygen

pressures, Fig. 8, the differential peaks were found to be

almost at the same energy, but showed small changes in

intensities. In region A, the differential peak reveals a slight

decrease in relative intensity when manganese oxide powder is

synthesized in oxygen pressure of 100 mbar. The reduction is

believed to result from the increase of coordination number

which is caused by the insertion of oxygen ion between Mn

atoms. Similarly, the differential peak at 6551 eV in region B

reveals a significant increase when the oxygen pressure
Fig. 9. (a) EXAFS spectra and (b) radial distribution functions for the as-

prepared nanocrystalline manganese oxide powders under different oxygen

partial pressures.
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increases to 100 mbar. It generally results from the higher

orbital symmetry in electronic structure of manganese as the

Mn3O4 increases. In regions C and D, because the effect of the

neighboring atom of Mn increased with the increasing oxygen

pressure, the amplitude of the differential XANES spectra was

thus enhanced.

The interatomic distance of the nanocrystalline manganese

can be determined accurately by radial distribution function

(RDF) which is obtained from Fourier transformation of EXAFS

spectra. Fig. 9(a) shows the EXAFS spectra for the nanocrystal-

line manganese oxide powders under various oxygen partial

pressure; and their RDF curves are obtained from the EXAFS

spectra, as shown in Fig. 9(b). Though there was no significant

change can be found in the EXAFS spectra in Fig. 9(a), whereas

the first peak at 1.4 Å and the second peak at 1.9 Å shown in their

RDF curves, Fig. 9(b), can attribute to the Mn–O bonding in

manganese oxide powder. Because the oxidation of product

powder mixture synthesized in 100 mbar oxygen pressure was

more significant, the Mn–O peak at 1.9 Å enhanced by both the

MnO and Mn3O4 structures showed higher amplitude than that of

the resulting powder synthesized in 50 mbar oxygen pressure.

Moreover, the peak at 2.5 and 3.1 Åwere found to attribute to the

Mn–Mn bonding, showing no significant changes at such the

distances between the curves treated under the different oxygen

partial pressures. In this system, the manganese oxides are not

fully oxidized within the treatment of oxygen, resulting the

weaker Mn–O peaks. The as-prepared powder thus exhibited a

mixture of metallic manganese and manganese oxides.

4. Conclusions

The present study shows that the nanocrystalline manganese

oxide powders are successfully prepared by the inert gas

condensation technique. The manganese oxide powders,

prepared in a He-atmosphere, exhibit a mixture of b-Mn,

MnO and Mn3O4 phases after the treatment of oxygen. The

predominant oxide formation of the mixture is identified to be

the phase of MnO using XRD technique. Moreover, in situ

synchrotron XRD and DSC data reveal that the as-prepared

manganese powder converts from b-Mn to MnO in the lower

temperature range of 150–250 8C and converts to Mn3O4 above

250 8C. With increasing the oxygen pressure, however, the

formation of the oxide shell on the b-Mn increases slightly the

transition temperature of b-Mn to MnO. Transmission electron

microscopy examinations confirm that oxidation starts on the

surfaces of the condensed b-Mn particles. By analyzing the

detailed valance variations of manganese, synchrotron X-ray

absorption spectroscopy techniques shows that the oxidation of

resulting product manganese powders is increased with the

increase of oxygen pressure.
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