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Nanofibrous pyrolusite (8-MnQOs) was synthesized. The particle shape changes from
nanofibers to nanoparticles after grinding, and the phase structure does not change. The
local environment around the central manganese ion has a slight change in nanoparticles
related to nanofibers. Fourier transform infrared (FTIR) spectra showed that As, mode
frequency shifts from 514 cm~! to 574 cm ™! to 617 cm ™! gradually while the particle shape
and size change from long nanofibers to short fibers and to nanoparticles. The extra vibra-
tional band that is unpredicted by factor group analysis originates from the contribution of
A, mode of the particles with different sizes and shapes in the studied sample. On the basis
of Rietveld refinement analysis of XRD profiles and the FTIR spectra, we think that two
kinds of MnOg octahedral geometries, i.e., 4 long+2 short and 4 short+2 long, could exist in
pyrolusites synthesized by different route. The maximum vibrational frequency in the FTIR
spectra of pyrolusites is sensitive to these micro-structures. Assignment of four vibrational

bands in the middle and far infrared region has been made.
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I. INTRODUCTION

Manganese dioxides with tunnel and layered crystal
structures offer distinctive properties and wide appli-
cations as catalysts, sieves, and electrode materials of
batteries [1—3]. Pyrolusite (3-MnOs), the most stable
form among the tunnel-structured manganese dioxides,
is often used as a model manganese oxide constructed by
1x1 tunnels [4, 5]. Pyrolusite has the tetragonal rutile-
structure, which belongs to D}L;’; spectroscopic group,
involving two formula units per unit cell. Factor group
analysis gives the following modes:

IF=A14(R)+A2s+As,(IR)+B14(R)+
Baog(R)+2B1u+Eg(R)+3E4(IR)

Therefore, this oxide should present four vibrational
active modes in infrared (As,+3E,) and four in Raman
(A1g+B1s+Bos+E,). However, the IR spectra of pyro-
lusite were seemly dependent on the sample source and
the synthetic route [6—10]. Generally, there are two
kinds of the infra-red (IR) spectra, one has four vibra-
tional bands in the mid- and far-infrared region [6], and
another has five [6, 7]. The latter is discordant with the
theoretical prediction.

The origin of the extra vibrational band that is un-
predicted by factor group analysis has not been revealed
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up to now although Potter and Rossman claimed that
the resolution of three bands in the mid-infrared region
improved as the increase of orthorhombic pyrolusite,
an impure phase in natural pyrolusites [6]. The recent
study made by Julien et al. excluded the effect of or-
thorhombic pyrolusite, the IR spectrum, in which five
bands appeared, was recorded from pure tetragonal py-
rolusite with well-crystalline [7].

Another unsolved question is what causes large vari-
ation in the IR spectra of pyrolusite in the mid-infrared
region [6—10]. For example, Nilsen et al. [8], Julien et
al. [7], and Tang et al. [9] reported the IR spectra of
pyrolusite, in which the major bands were located at
about 520 and 584 cm™! [8], 545 and 618 cm™!, and
618 and 655 cm™!, respectively. The large variation
in the IR spectra of rutile-structured dioxides, such as
SnOs and TiOz, was contributed to the effect of par-
ticle shape and size [11—14]. Farmer suggested that
shape may be the cause of large variations in the IR
spectra of different powdered rutile samples [11]. Pyro-
lusite, which is isostructural rutile, should have a simi-
lar variation in the IR spectrum. However, Potter and
Rossman concluded that particle shape was not respon-
sible for the variation in pyrolusite IR spectra [6]. It is
worth re-studying this issue in order to reveal the cause
of variation in purolusite IR spectra.

The maximum frequency in the Fourier transform in-
frared (FTIR) spectra of pyrolusite is different [6—9].
The maximum frequency at about 650 cm~! was ob-
served, whereas the band at about 720 cm~! appears in

(©2011 Chinese Physical Society



182 Chin. J. Chem. Phys., Vol. 24, No. 2

the spectra reported by Potter and Rossman [6], Julien
et al. [7], and Nilsen et al. [8]. Some researchers
reported the spectra with the different maximum fre-
quency in the same work, but they did not give any
explanation [6, 8]. These two frequencies appear in the
spectra of both natural samples [6] and synthetic sam-
ples [7—9], suggesting that this is a fundamental issue
concerning micro-structure of pyrolusite.

It is well-known that the spectrum quality is depen-
dent on the sample quality. The large single-crystal py-
rolusite sample is scarcely obtained due to the unstablil-
ity of pyrolusite at higher temperature. Most of pyro-
lusite samples studied so far were powders with various
defects and with irregular morphology. With the devel-
opment of synthetic technique, well-crystallized man-
ganese dioxides with various morphologies can be syn-
thesized [15—17]. This supplies an opportunity to study
vibrational feature of pyrolusite, and to study the na-
ture of the variation in the IR spectrum.

In this work, we studied the FTIR spectrum of nanofi-
brous pyrolusite well-grown along c axis. In order to re-
veal the origin of the unpredicted vibrational band and
the nature of the variation in the IR spectra, we also em-
ployed TEM (transmission electron microscope), SEM
(scanning electron microscope), XRD (the powder X-
ray diffraction), and XAFS (X-ray absorption fine struc-
ture) to study the morphology, the phase structure and
the local environment in the samples before and after
grinding.

Il. EXPERIMENTS
A. Synthesis of precursor CTAMnO,

A detailed description of the synthesis of CTAMnO,
(cetyltrimethylammonium permanganate) can refer to
Refs.[18, 19]. The equimolar KMnO, and CTAB
(cetyltrimethylammonium bromide) solutions were pre-
pared in beakers. Purple gel was rapidly formed after
mixing both solutions by means of ultrasonication. The
gel was aged overnight, and then filtered and washed
with distilled water for several times until the filtrate
became colorless. The wet solid sample, CTAMnOy,,
was obtained.

B. Preparation of pyrolusite

Then the wet CTAMnO, was gelled again by adding
distilled water in 45 mL Teflon-lined stainless steel au-
toclave. The reactions were carried out at 130 °C for
two days under autogenous pressure. Hydrothermally
treated samples were filtered, washed several times with
distilled water and then dried at 70 °C in air. Hy-
drothermally treated samples exhibited a characteristic
XRD pattern of v~-MnOOH. According to the TG and
DTA data, hydrothermally treated samples were heated
to 400 °C with a heating speed of 0.5 °C /min, and
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maintained at that temperature for 2 h. As-synthesized
samples were collected, and ground with mortar and
pestle in order to study the effect of grinding on the
morphology and the FTIR spectrum. Another sample
was synthesized by heating Mn(NO3)5 at 320 °C for 5 h
in an electronic furnace.

C. Characterizations

XRD analysis was carried out to identify the phase of
the samples using a Philips X’Pert PRO SUPER X-ray
diffractometer with Cu Ka radiation monochromated
by graphite at 40 kV and 100 mA. Rietveld refinement
of the full pattern was carried out in the DBWS-9807a
program. Middle infrared spectra were obtained on a
Bruke Vector-22 FTIR spectrometer with use of KBr
pellets. Far infrared spectra were obtained on a Nico-
let NEXUS 870 FTIR spectrometer. The samples were
first put into methyl silicone oil and mixed completely.
Then the mixture was dispersed on the polyethylene
membrane. For each sample, 32 scans were taken with a
resolution of 4 cm~!. The morphologies of the samples
were observed by TEM (Hitachi-H800, 200 kV), high
resolution transmission electron Microscopy (HRTEM)
(JEOL2000, 200 kV), and SEM (Hitachi X-650). The
samples for TEM and HRTEM were prepared by sus-
pending powder ultrasonically in ethanol and pipetting
the solution onto carbon coated copper grids.

The X-ray-absorption spectra at Mn K-edge for the
samples were measured at the beam line of U7C of Na-
tional Synchrotron Radiation Laboratory (NSRL). The
storage ring of NSRL was operated at 0.8 GeV with a
maximum current of 160 mA. The hard X-ray beam was
from a three-pole superconducting Wiggler with a mag-
netic field intensity of 6 T. The fixed-exit Si(111) flat
double crystals were used as monochromator. The EX-
AFS (extended X-ray absorption fine structure) spectra
were recorded in a transmission mode with ionization
chambers filled with Ar/Ns at room temperature, using
Keithley Model 6517 Electrometer to collect the elec-
tron charge directly. EXAFS data were analyzed by
USTCXAFS3 data analysis package compiled by Wan
et al. according to the standard procedures [20, 21].

I1l. RESULTS
A. Characterizations of XRD and TEM

SEM and TEM images of as-synthesized sample show
that the particles are of fibrous shape, their diameters
are from 20 nm to 100 nm, and the length is up to sev-
eral micrometers. Figure 1 (a) and (d) is a typical TEM
image, HRTEM (Fig.1(e)) and ED (Fig.1(f)) (electron
diffraction) results illustrate that nanofibers grow along
c axis, which are in excellent agreement with the XRD
result (Fig.2(a)). As-synthesized sample is denoted as
nanofibers. Nanofibous pyrolusite is fragile, and is eas-
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FIG. 1 TEM images of as-synthesized sample (a) and (d), the sample after grinding for 1 h (b), and for 5 h (c). HRTEM

image (e) and ED (f) of as-synthesized sample.

ily broken by grinding. Short fibers are formed after
grinding for 1 h (Fig.1(b)). Their diameters become
larger due to aggregation of fine particles around sur-
face of short fiber. The sample ground for 1 h is de-
noted short fibers. After grinding for 5 h, nanoparticles
are formed, and aggregated together (Fig.1(c)). The
sample ground for 5 h is denoted as nanoparticles. Lat-
tice fringes can be clearly observed in HRTEM image,
and the sizes of nanoparticles are about a few tens of
nanometers.

Figure 2 shows XRD patterns of as-synthesized sam-
ple (Fig.2 (a) and (b)) and the samples after grinding
for different time (Fig.2 (c¢) and (d)). Generally speak-
ing, all patterns can be attributed to pyrolusite (JPCDS
24-735). The tiny difference is that the reflection peaks
become wider for the ground samples than those for
as-synthesized sample. The intensity ratio of (110) re-
flection and (101) reflection in Fig.2(b) is larger than
that of JPCDS 24-735, suggesting that the growth of
as-synthesized sample is highly oriented. The result
from Fig.2(a) gives a strong support for this point of
view. The pattern of Fig.2(a) was recorded from the
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specimen prepared by dropping the suspension of as-
synthesized sample in ethanol on silicon surface. Only
the (hk0) reflections appear in the pattern, indicating
that as-synthesized sample grows perfectly along c axis.

B. Characterization of FTIR

The FTIR spectra of as-synthesized and ground sam-
ples show considerable variation. Figures 3 and 4 are
the FTIR spectra in mid- and far-infrared region, re-
spectively. The order of the spectra in Fig.3 is the
same as that of the XRD patterns in Fig.2. Figure
3(a) was recorded from the specimen prepared by drop-
ping the suspension of as-synthesized sample in ethanol
on KBr crystal surface; others in Fig.3 were obtained
from KBr pellet. Figures 3(a) and 4(a) represent the
FTIR spectra of nanofibrous pyrolusite because nanofi-
brous structure can perfectly be kept in the specimen.
Otherwise, vibrational bands shift toward higher and
lower wavenumber in mid-infrared region for the spec-
imen of KBr pellet (Fig.3(b)). Four vibrational bands
in the spectra of nanofibrous pyrolusite are in excel-
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FIG. 2 XRD patterns of as-synthesized sample ((a) and (b))
and the samples after grinding for 1 h (c), 5 h (d).
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FIG. 3 Middle infrared spectra of as-synthesized samples
((a) and (b)) and the samples after grinding for 1 h (c),
2.5h (d), 5h (e), and 8 h (f).

lence agreement with the prediction of the factor group
analysis for the tetragonal structure in infrared active
modes. These bands are located at 343(vy), 421(vs),
514(v3), and 730 cm~!(vy), respectively. The intensity
of v3 band is very strong, v4 is middle, and v, and vs
are very weak. The number of vibrational bands does
not change in the FTIR spectra of the ground samples,
which is correlated with the XRD patterns since the
phase structures do not change (Fig.2). However, three
trends are suggested to be going from bottom to top
in Fig.3 and Fig.4. The first one is that v3 band shifts
gradually toward higher wavenumber, and the variation
of this band is about 103 cm~!. The second one is that
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FIG. 4 Far infrared spectra of as-synthesized sample (a)
(nanofibers), and the sample after grinding for 1 h (b) (short
fibers), and 5 h (c) (nanoparticles).
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FIG. 5 Middle infrared spectra of pyrolusites synthesized
by heating Mn(NO3)2 at 320 °C for 5 h (a) and by heating
~-MnOOH at 400 °C for 2 h and then grinding for 5 h (b).

v1, Vo, and v4 bands shift toward lower wavenumber,
the change observed in this work is about 14 cm™! for
v1 band, 43 cm™! for v5 band, and 15 cm ™! for v4 band.
The third one is that the intensities of vy, vo, and vy
bands grow with respect to v3 band.

Figure 5 shows the FTIR spectra of pyrolusites
produced by heating Mn(NOj3)s at 320 °C for 5 h
(Fig.5(a)), and heating v~-MnOOH at 400 °C for 2 h
(Fig.5(b)), respectively. In order to avoid the effect of
particle shape and size, the samples were ground for
enough time until their spectra did not change any more
(see Fig.3 (e) and (f)). Actually, little change was ob-
served for the sample made by heating Mn(NOj3)s be-
fore and after grinding. Two vibrational bands present
in the middle infrared spectrum for each sample. The
obvious difference between two spectra is that the max-
imum vibrational frequency is different. One is located
at 659 cm~! (Fig.5(a)), and another is at 715 cm™?

(Fig.5(b)).
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FIG. 6 Fourier transformed experimental Mn K-edge
x(k)k® functions of as-synthesized sample (nanofibers) and
the sample after grinding for 5 h (nanoparticles).
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FIG. 7 The curve fitting data for the first peak around 1.5 A
in Fig.6.

C. Characterization of EXAFS

XAFS technique has long been recognized as a power-
ful tool for determining the local structure of condensed
matters, because of its sensitivity to the short-range or-
der and atomic species surrounding the absorber [22,
23]. Hence, XAFS may provide further information to
those obtained by X-ray or neutron diffraction. The
Fourier transform (FT) of the EXAFS oscillation func-
tion x(k)k? at the Mn K-edge obtained is shown in Fig.6
for nanofibers and nanoparticles. The first peak around
1.5 A in the FT spectra corresponds to the Mn-O inter-
action in MnOg octahedra, the second one around 2.5 A
is the Mn—Mn interaction which corresponds to MnOg
octahedra linked by edges, and the third one at around
3.0 A is the Mn—Mn interaction which corresponds to
MnOg octahedra linked by corners [24—26].

To obtain the local structural information of MnQO
nanofibers and nanoparticles quantitatively, the radial
structural functions as shown in Fig.6 are inversely
transformed to isolate the single shell EXAFS contri-
bution. The least-square curve fit technique, based on
Marquart’s scheme for iterative estimation of nonlinear
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FIG. 8 The curve fitting data for the second peak around
2.5 A in Fig.6.

TABLE I EXAFS fitting results of nanofibrous and

nanoparticle poyrolusite.

Sample Pair type R/A CN o?/A?

Nanofiber Mn—-0O 1.829 2 0.0022
Mn—-0O 1.901 4 0.0026
Mn—Mn 2.868 2 0.0074

Nanoparticle Mn-0O 1.843 2 0.0032
Mn—-0O 1.909 4 0.0035
Mn—Mn 2.904 2 0.0095

Ref.[27] Mn—0 1.875 2 0.0022
Mn—-0O 1.902 4 0.0022
Mn—Mn 2.869 2 0.0025

least-squares parameters via a combination of gradient
and Taylor series method was used to fit the inverse
transform EXAFS oscillations. Figures 7 and 8 show
the curve-fitting analysis for Mn-O shell and Mn-Mn
shell, and Table I summarizes the structural parameters
obtained by curve-fitting, where the data from Ref.[27]
are included. Fitting errors in distance are estimated to
be about 0.03 A. The Debye-Waller factor for the Mn-O
shell in nanoparticles is larger than that in nanofibers,
indicating that nanoparticles has more local structural
disorder. This is in good agreement with the low peak
height in the FT spectrum and the broad XRD reflec-
tion.

D. Rietveld refinement analysis

Rietveld refinement of the full XRD pattern was
carried out for nanoparticles and pyrolusite produced
by heating Mn(NOg3)s. Unfortunately, the refinement
is not suitable for calculating the XRD patterns of
nanofibers and short fibers due to high orientation. Fig-
ure 9 shows a typical result of Rietveld refinement anal-
ysis. The structural parameters obtained by the refine-
ment are listed in Table II. Mn—O interatomic distances
obtained by Rietveld refinement are very close to the
values obtained by EXAFS analysis for nanoparticles.
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TABLE II XRD refinement results of pyrolusite.

Ruo-yu Cai et al.

Sample Lattice parameter/A Oxygen Mn—O distance/A R-P R-WP S D-WD
a c position Axial Equatorial
1 4.4020 2.8743 0.2907 1.8501 1.8830 3.28 4.14 1.00 1.15
2 4.4006 2.8749 0.3157 1.8935 1.8850 3.36 4.27 1.34 0.56
3 4.3999 2.8740 0.3053 1.8997 1.8796

1: nanoparticles, 2: 3-MnQOs produced by heating manganous nitrate at 320 °C for 5 h, 3: JPCDS 24-735.
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FIG. 9 Observed and calculated (by Rietveld-method) XRD
pattern of nanoparticles and the difference between those
two patterns.

Both Rietveld refinement and EXAFS results indicate
that MnOg is of 4 long+2 short octahedra geometry in
nanoparticles, which is in agreement with the result of
Ref.[27]. The relationship between the oxygen position
and the ratio of the lattice constants of ¢/a obtained by
Rietveld refinement further confirms 4 long+2 short oc-
tahedral geometry [28]. Rietveld refinement result for
the sample produced by heating Mn(NOs)s indicates
that MnOQOg is of 2 long+4 short octahedral geometry,
which is in agreement with the relationship between the
oxygen position and the ratio of the lattice constants of
c¢/a [28], and in agreement with MnOg octahedral ge-
ometry of JCPDS 24-735 (Table II) and Ref.[28].

4 long+2 short and 4 short+2 long octahedral geome-
tries are very common distorted octahedrons in rutile-
structural dioxides [28]. The present study suggests
that those two geometries could present in pyrolusites
synthesized from different route.

IV. DISCUSSION
A. The origin of the variation in the FTIR spectra

Although the FTIR spectrum is sensitive to the short-
range environment of oxygen coordination around the
cation in oxide lattices, the change of the local struc-
ture occurring in the samples after grinding can not be
used to explain the variations shown in Fig.3 and Fig.4.
For example, the increase of Mn—O distance from as-

DOI:10.1088/1674-0068/24/02/181-188

synthesized sample to the ground samples should lead
to the shift of vibrational bands toward lower wavenum-
ber, however, the shift of 3 band is about 103 cm ™! to-
ward higher wavenumber. Alternative explanation may
concern the change of the morphology and size, which
was found for rutile TiO5 and rutile-structured SnO,
[11—14]. Farmer gave the theoretical explanation [11].
The Ay, vibration of rutile TiOs and rutile-structured
SnOy migrates from its LO frequency (higher wavenum-
ber) to its TO frequency (lower wavenumber) during
a transition in crystal shape from platy to needle-like
morphology, with ¢ perpendicular to the plates and par-
allel to the long axes of the needles. At the same time
the Eu frequencies migrate from their TO values to their
LO values. These are smaller shifts than for the Ao, vi-
bration but the bands would show profound changes
in relative intensity. These descriptions are in excel-
lent agreement with the variation in FTIR spectra of
rutile-structured pyrolusite (Fig.3 and Fig.4), just the
change of morphology in this study is from nanofiber to
nanoparticle. The conclusion can be made that the vari-
ation in the FTIR spectra of pyrolusite can be ascribed
to the effect of particle shape and size, similar to the
case of TiO2 and SnO; [11—-14]. Following Farmer’s
assignment [11], v3 band can be assigned to the Ay,
mode, vy, V2, and v4 bands are assigned to EL, E2, and
E2 modes, respectively.

B. The origin of the extra band unpredicted by theory

Due to the large variation of As, mode with the mor-
phology, two or more As, mode vibrational bands could
present in the FTIR spectrum for the sample contain-
ing two or more particle shapes. This assumption was
demonstrated by experiment. Nanofibers and nanopar-
ticles were mixed together with the weight ratio of 1:3,
and then the mixed sample was pressed into KBr pellet.
The FTIR spectrum of the mixed sample is shown in
Fig.10. There are three bands in the middle infrared re-
gion. Two of them at 527 and 611 cm ™! are attributed
to A, mode of nanofibers and nanoparticles, respec-
tively. The present study reveals that the extra band
originates from Ao, mode vibration from particles with
different shapes. The present result can be used to ex-
plain the FTIR spectra presented by Nilsen et al. [8],
Julien et al. [7], and Potter and Rossman [6].
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FIG. 10 Middle infrared spectrum of the mixed sample of
nanofibers and nanoparticles with the weight ratio of 1/3.
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FIG. 11 The relationship between the Az, mode frequency
and the diameter/length ratio of particles.

C. The relationship between A, mode frequency and the
diameter/length ratio of particles

The information from Fig.1 and Fig.3 suggests that
there could be a relationship between As, mode fre-
quency and the diameter/length ratio of particles as
shown in Fig.11. This relationship is useful for predict-
ing the particle shape on the basis of the FTIR spec-
trum. For example, one can estimate that the film of
B-MnQs is composed of long- and short-fibers since the
major bands (Az, modes) are at ~520 and ~584 cm ™!
[8, 29]. Needles of 5-MnOy with different sizes present
in TEM image [29]. The morphology of 3-MnO; parti-
cles made by the reduction of KMnQy, is of short bar-
like shape [30], whose As, mode vibrational frequency
is 576 cm™!.

D. The origin of the different maximum vibrational
frequency

The maximum frequency of pyrolusite in the FTIR
spectra seems to be dependent on the sample source
and the synthesis route. The different maximum fre-
quency, ~650 or ~720 cm™!, was observed by experi-
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FIG. 12 Symmetry of the Aa,+3E, optic modes of the rutile
structure for zero wave vector. Labeling is in the notation of
Mulliken and, in parentheses, of Koster. Doubly degenerate
modes are indicated by a “2” preceding the Mulliken symbol.

mental measurement. 650 cm™! vibrational band ap-
pears in the spectra of 5-MnOs film [8], 3-MnOy pro-
duced by decomposition of Mn(NOs3)2 [9] and some nat-
ural pyrolusite samples [6], whereas the band at about
720 cm™! appears in some natural pyrolusite samples
[6], B-MnOs from Aldrich [7], and standard powdered
sample [8]. These two frequencies were observed in this
work from different samples (Fig.5). Some commer-
cial samples (AR grade and spectrum grade, Shanghai,
China) show the same spectrum as Fig.5(a). Figure
5(a) is also a repeated result of Ref.[9] since the syn-
thesis route is the same, suggesting that the maximum
frequency is indeed dependent on the synthesis route.
The variation of the maximum frequency may originate
from the change of the micro-structural environment.
From Table II, it can be found that the largest differ-
ence in pyrolusites made from different route is Mn—O
distance along axial direction. According to the sym-
metries of the As, and 3E, optic modes of the rutile
structure for zero wave vector (Fig.12), the change of
the axial Mn—O distance should have a serious effect
on E, mode vibrational frequency, and have a little ef-
fect on Ao, mode because the As, species corresponds
to a displacement of Mn** relative to the O?~ along
c-axis (Fig.12(a)), and the three E, species give dipole
oscillations perpendicular to this axis (Fig.12 (b), (c),
and (d)). The shorter the axial Mn—O distance is, the
higher the vibrational wavenumber of E,, mode is. Ag,
mode vibrational frequency is not sensitive to the vari-
ation of the axial Mn—O distance, indicating that the
maximum frequency is very sensitive to the variation of
octahedral geometry.
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V. CONCLUSION

The extra vibrational band that is unpredicted by
factor group analysis originates from the contribution
of Ao, mode vibration from the particles with different
shapes and sizes in the studied sample. The variation
in the FTIR spectrum of pyrolusite is ascribed to the
change of particle shape and size, similar to other rutile-
structural oxides, such as TiOy and SnO3. The largest
variation observed in this work is Ay, mode. The parti-
cle shape and size change from long nanofibers to short
fibers to nanoparticles, Ay, mode vibrational frequency
shifts from 514 cm~! to 574 cm~! to 617 cm™! grad-
ually. The relationship between A, mode vibrational
frequency and the particle shape and size is useful for
estimating the particle shape even though infrared spec-
troscopy is blind for the particle shape and size. Two
kinds of distorted MnQOg octahedral geometries, i.e., 4
long+2 short and 4 short+2 long, could exist in pyro-
lusites on the basis of the results of Rietveld refinement
and the FTIR spectra. The maximum frequency origi-
nates from E3 mode vibration. This mode vibrational
frequency is sensitive to the Mn—O distance along ax-
ial direction. The shorter the axial Mn—O bond is, the
higher the maximum vibrational frequency is.
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