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Abstract Single-phase -, -, and -MnO2 nanoparticles with high crystallinity were successfully synthesized by a
hydrothermal process using different Mn precursors, such as Mn(OAc)2, MnSO4, MnCl2, and Mn(NO3)2. The crystal
structure and morphology of the MnO2 particles could be effectively controlled by changing the Mn source. The use of
Mn(OAc)2 and MnSO4 as precursors resulted in rod-shaped - and -MnO2 particles, whereas MnCl2 and Mn(NO3)2
yielded aggregated angular nanoparticles of -MnO2. X-ray photoelectron spectroscopic analysis revealed that -MnO2 had a
high ratio of Mn

4+
 and Olatt on the particle surface, whereas - and -MnO2 samples had a lower valence state of Mn,

such as Mn
3+

 and Mn
2+

, on the surface, and the ratio of Olatt was also relatively low.
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1. Introduction

Lithium-ion batteries are generally utilized in electri-
cal vehicles (EVs) and portable electronic products [1-
3]. However, the low theoretical capacities of graphite
anode materials in lithium-ion batteries hinder their fur-
ther application in large-scale energy-storage devices
[4]. In addition, lithium-ion batteries use flammable
organic materials as electrolytes, which pose safety con-
cerns, such as fire accidents. Therefore, the next genera-
tion of lithium-ion batteries with higher energy densities
are required to meet the rapidly growing demand of the
electrical vehicle market, and different cathode materi-
als are sought to address this challenge. Among the var-
ious candidates, nanometer-sized transition-metal oxides
have attracted significant attention because of their low
cost, eco-friendliness, and high theoretical capacities in
particular. Manganese dioxide (MnO2), one of the transi-
tion-metal oxides, is an emerging electrode material
because of its low toxicity, high specific capacity, and
natural abundance [5-10]. Additionally, using MnO2 as
the cathode of lithium-ion batteries can result in reduced

cost. However, MnO2-based cathode materials have sig-
nificantly low electronic conductivity owing to sup-
pressed electron transport in the MnO2 lattice. During
lithiation and delithiation processes, a large volume
change occurs in MnO2-based cathodes, resulting in
severe electrode pulverization, serious safety problems,
and rapid capacity loss during cycling.

To facilitate the utilization of MnO2-based cathode
materials, many strategies, such as the synthesis of vari-
ous crystal phases of MnO2 nanostructures or the intro-
duction of heteroatoms, have been explored to increase
their capacity and rate property. MnO2 is generally
known to have six different crystal structures: -MnO2

(2 × 2 tunnel or hollandite), -MnO2 (1 × 1 tunnel or
pyrolusite), R-MnO2 (2 × 1 tunnel or Ramsdellite), -
MnO2 (mix of 2 × 1 and 1 × 1 tunnels or nsutite), -
MnO2 (layered or birnessite), and -MnO2 (three-dimen-
sional pores or spinel). MnO2 materials with different
crystal structures have different ion selectivities or elec-
tron transport kinetics owing to their unique structural
properties, such as the arrangement of atoms and the
shape of pores or tunnels within the crystal structure.
The electrochemical properties of a Li-ion battery using
a MnO2-based cathode depends strongly on the crystal
structure and microstructure of the as-prepared MnO2

material. Therefore, to enhance and control the perfor-
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mance of the MnO2-based Li-ion battery, it is necessary
to develop an appropriate synthesis method for MnO2 to
control its crystal structure and microstructure.

Nanosized MnO2 powders with different microstruc-
tures and crystal structures have been synthesized via
various methods, such as co-precipitation [11], sol-gel
synthesis [12], electrodeposition [13], and hydrothermal
methods [14-16]. Among these, the hydrothermal method
is the most widely used approach to prepare high-purity
MnO2 nanoparticles, because it allows easy control over
the crystal structure and microstructure of MnO2 [14-
16]. Zhang et al. synthesized -MnO2 nanowires and -
MnO2 microcrystals using a hydrothermal method, in
which they used KMnO4 and Cr(NO3)3·9H2O as raw
materials and controlled the redox reaction between
MnO4

 and Cr3+ to control the crystal structure and
microstructure of MnO2. Raheem et al. produced -
MnO2 with different particle morphologies using NaClO3

as the oxidant and three different Mn sources (MnSO4·
H2O, MnCl2·4H2O, and Mn(OAc)2·4H2O) to control the
morphology of MnO2 particles. Further, many studies
have attempted to control the crystal structure and
microstructure of MnO2 particles using different oxi-
dants, Mn sources, or salts.

In this study, we used the hydrothermal method to
synthesize MnO2 particles with a controlled crystal struc-
ture and microstructure using five different Mn sources.
The crystal phase (-, -, or -MnO2 phase) of the
MnO2 particles produced by our method depended on
the type of Mn source. The mechanism underlying the
change in the crystal structure and microstructure of
MnO2 according to the Mn source is discussed.

2. Experimental

2.1. Materials and synthesis of MnO2

-, -, and -MnO2 powders were synthesized by a
hydrothermal method using different Mn precursors.
Briefly, the Mn source, viz., 0.012 M of Mn(OAc)2·
4H2O (98 %, Daejung), MnSO4·H2O (98 %, Daejung),
MnCl2·4H2O (98 %, Daejung), or Mn(NO3)2·4H2O
(98 %, Kanto Chemical Co., Inc.) was mixed with a
0.008 M KMnO4 solution (Mn2+:MnO4 = 3:2 molar
ratio) in 100 mL of deionized water. After being stirred
for 2 h, the Mn2+/MnO4 solution was loaded into a
Teflon container and placed in an autoclave, where a
hydrothermal reaction was performed at 160oC for 2~
48 h. After the reaction, the product was washed thrice

with deionized water and then dried at 100c+C for 24 h.
The MnO2 samples prepared using Mn(OAc)2·4H2O,
MnSO4·H2O, MnCl2·4H2O, and Mn(NO3)2·4H2O as pre-
cursors are denoted as sample_OAc, sample_SO4, sam-
ple_Cl2, and sample_NO3, respectively.

2.2. Characterization

The crystal structures of the different MnO2 samples
were identified via powder X-ray diffraction (XRD)
analyses (Bruker D8 advance), and the crystallographic
parameters were refined using the Rietveld method
(RIETAN-FP) [17]. In the refinement, to determine the
crystallographic parameters of the -, -, and -MnO2

samples prepared in this study, the standard XRD pat-
terns of -, -, and -MnO2 samples from the inorganic
crystal structure data (-MnO2: ICSD #20227; -MnO2:
ICSD #643197; and -MnO2: ICSD #653914) were used
as the initial models. The microstructural analysis of the
prepared materials was performed using a field-emis-
sion transmission electron microscope (FE-TEM, JEM
2100F; JEOL). Brunauer-Emmett-Teller (BET, TriStar
3020, Shimadzu) specific surface area was measured by
performing nitrogen adsorption at 196oC. X-ray photo-
electron spectroscopy (XPS; AXIS SUPRA) was per-
formed at room temperature using Mg K radiation
(1,253.6 eV) without Ar-ion etching. The effect of
charging on the binding energies was corrected by cali-
brating the peaks with respect to the C 1s peak at 284.6
eV. For XPS characterization, pelletized samples of 10
mm diameter were prepared from the powdered sam-
ples, and the pellets were placed in an ultrahigh vac-
uum chamber at 107 Pa.

3. Results and Discussion

To determine the crystal structures of the MnO2 mate-
rials (sample_OAc, sample_SO4, sample_Cl2, and sam-
ple_NO3) prepared in this study using different Mn
sources, viz., Mn(OAc)2·4H2O, MnSO4·H2O, MnCl2·
4H2O, and Mn(NO3)2·4H2O, we conducted the Rietveld
refinement of their XRD data. Figure 1 shows represen-
tative XRD patterns of -, -, and -MnO2 powders
obtained using the aforementioned Mn precursors. For
the Rietveld refinement of these XRD patterns, we used
the crystal structure data of -, -, and -MnO2 from the
inorganic crystal structure database (-MnO2: ICSD
#20227; -MnO2: ICSD #643197; and -MnO2: ICSD
#653914) as preliminary models. The XRD patterns of
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the four samples could be indexed well with that of
-MnO2 (ICSD #20227), -MnO2 (ICSD #643197), or

Fig. 1. Results of the Rietveld refinement of the X-ray pow-
der diffraction patterns of the MnO2 materials synthesized by a 
hydrothermal process at 160

o
C for 48 h using different Mn pre-

cursors: (a) sample_OAc, (b) sample_SO4, (c) sample_Cl2, and 
(d) sample_NO3. Red symbol: measured pattern, Green solid 
line: calculated pattern, Blue solid line: difference between the 

intensities of measured and calculated patterns.

Table 1
Crystallographic data and the refined lattice parameters of the MnO2 samples prepared by a hydrothermal process at 160

o
C for 48 h using

different Mn precursors ((a) sample_OAc, (b) sample_SO4, (c) sample_Cl2, and (d) sample_NO3), as obtained by the Rietveld
refinement of the X-ray powder diffraction data collected at room temperature

Sample

(a) (b) (c) (d)

Crystal system Tetragonal Tetragonal Orthorhombic Orthorhombic

Space group I 4/m P42/mnm Pnma Pnma

a (nm) 9.83391 4.40542 9.62693 9.44894

b (nm) 9.83391 4.40542 2.79814 2.81793

c (nm) 2.85730 2.87381 4.38552 4.42020

Rwp (%) 2.546 3.382 1.915 2.303

R
p
 (%) 1.860 2.110 1.449 1.693

S (%) 2.0871 2.8957 1.6368 1.9509

d1 0.4537 0.2494 0.7485 0.5272

d2 0.3914 0.1556 0.7116 0.4861

-MnO2 (ICSD #653914), confirming the successful
preparation of MnO2 in three crystal structures. In addi-
tion, the MnO2 samples with - and -type crystal struc-
tures were determined to have high crystallinity based
on their narrow and intense peaks. The sample with the
-MnO2 structure had lower crystallinity than the other
samples. As is well known, obtaining a single crystal
phase of -MnO2 is difficult, because -MnO2 is gener-
ally formed by the irregular intergrowth of elements
from ramsdellite and pyrolusite [18], usually resulting in
a -MnO2 powder of low crystallinity. The detailed crys-
tallographic data and structural refinement parameters of
the MnO2 samples prepared in this study, as obtained by
Rietveld refinement analysis, are listed in Table 1 and 2.
The weighted profile R-factors of the MnO2 samples,
that is, the weighted-profile R-factor (Rwp), profile R-
factor (Rp), and goodness-of-fit indicator (S) are 1.915~
3.382 %, 1.449~2.110 %, and 1.6368~2.8957, respec-
tively. These values indicate the phase purity of the as-
prepared samples. The XRD pattern of sample_OAc
agreed well with the -type MnO2 structure, and the
refinement results yielded the following room-tempera-
ture parameters: a tetragonal system with the space
group of I4/m (87); lattice parameters: a = 9.83391 nm,
b = 9.83391 nm, and c = 2.85730 nm; and V = 0.2763
nm3. Sample_SO4 adopted the -type MnO2 structure
belonging to a tetragonal system with the space group
of P42/mnm (136), and the lattice parameters calcu-
lated by Rietveld refinement are a = 4.40542 nm, b =
4.40542 nm, and c = 2.87381 nm; and V = 0.0557 nm3.
Further, sample_Cl2 and sample_NO3 adopted the -
type MnO2 structure, although a slight difference was
observed in their lattice parameters. These two samples
had an orthorhombic structure belonging to the space
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group of Pnma (62) (see the other details in Table 1). To
determine the ratios of -, -, and -MnO2 phases in
each sample prepared in this study, the mass fractions of
the different MnO2 phases in the samples were calcu-
lated by Rietveld refinement, and the results are shown
in Table 3. Sample_OAc and sample_SO4 showed a
single crystal phase of -MnO2 and -MnO2, respec-
tively, without impurities; that is, they were monopha-
sic materials with -MnO2 and -MnO2 structures,
respectively. On the other hand, although the XRD pat-
terns and Rietveld refinement profiles of sample_Cl2
and sample_NO3 agreed well with that of single-phase
-MnO2, an impurity phase corresponding to -MnO2

was also present, and the ratio of the - and -MnO2

phases was 69:31 in sample_Cl2 and 60:40 in sample_-
NO3. As mentioned above, the -MnO2 crystal is known
to form via the irregular intergrowth of elements from
ramsdellite and pyrolusite, resulting in low crystallinity
and the formation of a biphasic crystal.

Figure 2 presents the FE-TEM images of the samples
prepared using different Mn precursors, viz., Mn(OAc)2·
4H2O, MnSO4·4H2O, MnCl2·4H2O, and Mn(NO3)2·4H2O.
Sample_OAc and sample_SO4, which had -type and

-type crystal structures, respectively, exhibited rod-like
particle morphology. The length (L) and diameter (D) of
the nanorods were determined to be 1.2 m and 50~100
nm, respectively, for sample_OAc and 2 m and 200~
250 nm, respectively, for sample_SO4. The well-identi-
fied periodic lattice fringes of 7.05 Å (Fig. 2(b)) and
3.21 Å (Fig. 2(e)) correspond to the interplanar spac-
ings of the (110) facets of -MnO2 and -MnO2 phases,
respectively. These results indicate that - and -MnO2

particles grow along the c-axis under the conditions of
the hydrothermal synthesis. On the other hand, sample_-
Cl2 and sample_NO3, which have the -type crystal
structure, showed plate-like particle morphology, and the
particle sizes were determined to be approximately 200
nm. Although the lattice fringes of these MnO2 samples
with the -type crystal structure presented slight distor-
tions owing to their low crystallinity and particle aggre-
gation, these samples exhibited lattice fringe spacings of
2.29 and 4.01 Å (Fig. 2(h)) and 2.32 and 3.98 Å (Fig.
2(k)), respectively, which are in good agreement with
the interplanar spacings of the (111) and (101) facets of
-MnO2, respectively.

The specific surface areas of the MnO2 samples pre-
pared in this study using different Mn precursors were
analyzed by the BET method, which were 44 m2/g for
sample_OAc, 7 m2/g for sample_SO4, 20 m2/g for sam-
ple_Cl2, and 21 m2/g for sample_NO3, respectively
(Table 4). Figure 2 shows the schematics of the -, -,
and -type MnO2 crystal structures produced using
VESTA based on the crystallographic data obtained by
the Rietveld refinement analysis. Among the MnO2

samples prepared in this study, sample_SO4 with the -
type MnO2 crystal structure had a larger particle size,
higher crystallinity, and a lower specific surface area

Table 2
Refined structural parameters of MnO2 prepared by a hydrothermal process at 160

o
C for 48 h using different Mn precursors ((a)

sample_OAc, (b) sample_SO4, (c) sample_Cl2, and (d) sample_NO3), as obtained by the Rietveld refinement of the X-ray powder
diffraction data collected at room temperature

Sample Atom Site Occ. x y z Beq

(a)

Mn11 8h 1 0.35933 0.17223 0.00000 0.5

O11 8h 1 0.12148 0.21099 0.00000 0.5

O12 8h 1 0.18173 0.48725 0.00000 0.5

(b) 
Mn11 2a 1 0.00000 0.00000 0.00000 0.5

O11 4f 1 0.34485 0.34485 0.00000 0.5

(c)

Mn11 4c 1 0.12516 0.25000 -0.02169 0.5

O11 4c 1 0.95887 0.25000 0.75791 0.5

O12 4c 1 0.28242 0.25000 0.29906 0.5

(d) 

Mn11 4c 1 0.12825 0.25000 -0.01243 0.5

O11 4c 1 1.00153 0.25000 0.76202 0.5

O12 4c 1 0.24163 0.25000 0.28342 1.0

Table 3
Mass fraction of the MnO2 phases according to the Mn precursor
((a) sample_OAc, (b) sample_SO4, (c) sample_Cl2, and (d)
sample_NO3), as obtained by the Rietveld refinement of the X-
ray powder diffraction data collected at room temperature

Phases of MnO2

The mass fraction of the MnO2 phases

(a) (b) (c) (d)

-MnO2 1.0000 0.0000 0.0000 0.0000

-MnO2 0.0000 1.0000 0.3098 0.4076

-MnO2 0.0000 0.0000 0.6902 0.5924
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than the other three samples (i.e., sample_OAc, sam-
ple_Cl2, and sample_(NO3). Further, sample_Cl2 and
sample_NO3, which had the same -type MnO2 crystal
structure, exhibited a similar particle size, microstruc-
ture, crystallinity, and specific surface area. The differ-
ences in the crystal structures of MnO2 prepared using
different Mn precursors can be explained based on the
difference in the local structure of each crystal type.
According to their crystal structures, MnO2 materials

have different tunnel structures formed by [MnO6] octa-
hedrons. The -, -, and -type MnO2 crystals synthe-
sized in this study consist of [2 × 2], [1 × 1], and [1 × 2]
tunnels, respectively, which are known to critically
influence their crystallinity and specific surface area.
The regular arrangement of the [MnO6] octahedrons in
the crystal structure of MnO2 results in the growth of
the particles and improved crystallinity.

The foregoing results confirm that the crystal struc-
ture and morphology of MnO2 nanomaterials can be
successfully controlled by changing the Mn precursor
(Mn base material). To analyze the changes in the crys-
tal structure and particle morphology of the MnO2 pow-
der with a change in the Mn source, we investigated the
effect of the anionic component of each Mn precursor
(i.e., Mn(OAc)2·4H2O, MnSO4·4H2O, MnCl2·4H2O, and
Mn(NO3)2·4H2O) on the formation of MnO2 particles
with each crystal structure, that is, -, -, and -type
MnO2. The pH values of the precursor-only solutions
were 7.06 for sample_OAc, 5.12 for sample_SO4, 5.03
for sample_Cl2, and 4.31 for sample_NO3, respectively.
After mixing with KMnO4, the pH values decreased

Fig. 2. FE-TEM images (left and center) and crystal structure diagrams (right) of (a~c) sample_OAc, (d~f) sample_SO4, (g~i) sam-
ple_Cl2, and (j~l) sample_NO3.

Table 4
The particle morphology, average particle size, and BET surface
area of the MnO2 according to Mn source; (a) sample_OAc,
(b) sample_SO4, (c) sample_Cl2 and (d) sample_NO3 before
hydrothermal reaction

Samples Morphology Average particle size
BET 
surface area

(a) Rod
160 nm (D)
1,600 nm (L)

44 m
2
/g

(b) Rod
330 nm (D)
1,500nm(L)

7 m
2
/g

(c) Plank 270 nm (D) 20 m
2
/g

(d) Plank 330 nm (D) 21 m
2
/g
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markedly to 3.84, 1.40, 1.08, and 1.03, respectively
(Table 5). These differences in acidity are expected to
play a critical role in the phase formation and crystallin-
ity of MnO2 during hydrothermal synthesis. In solution-
phase chemical reactions, the solution pH is known to
strongly influence the crystal structure, microstructure,
and crystallinity of the final product. In addition to acid-
ity, the counter-anions can also affect the hydrothermal
reaction, as previous studies have shown that different
anionic species can modify hydrolysis and selectively
adsorb on specific crystal facets, thereby influencing
nucleation and growth behavior [19]. Although the -
type MnO2 structure has lower thermodynamic stability
than the - and -type MnO2 structures, the -type
structure is more easily formed than the other structures

at a low pH, possibly due to the dissolution and subse-
quent recrystallization of the Mn precursor in the low-
pH solution. This phenomenon has already been docu-
mented in some previous reports [20,21]; it has been
reported that tetragonal BiVO4, which has a relatively
low thermodynamic stability than monoclinic BiVO4, is
kinetically more feasible at a relatively low pH of the
precursor solution.

To determine the oxidation states of Mn and O ions in
the -, -, and -MnO2 samples according to the Mn
precursor used in this study, XPS analysis was carried
out in the binding energy range of 0~1,200 eV, and the
results are shown in Fig. 3 and Table 6. In the Mn 2p3/2

spectra, the peaks appearing at 642.7, 641.7, and 640.4
eV can be attributed to Mn4+, Mn3+, and Mn2+, respec-
tively (Fig. 3a) [22-24]. As shown in Table 6, the pro-
portion of low-valence Mn (Mn2+ + Mn3+) to total Mn,
which is an indicator of surface oxygen vacancies, fol-
lowed the order of -MnO2 (sample_Cl2) (0.45) > -
MnO2 (sample_NO3) (0.42) > -MnO2 (sample_OAc)
(0.41) > -MnO2 (sample_SO4) (0.37). Thus, the pro-
portion of low-valence Mn on the surface of -MnO2

particles was considerably low. However, - and -
MnO2 particles tended to have more Mn3+ and Mn2+ on
the surface owing to their intrinsic crystal defects. These
results suggest that the existence of a large population
of low-valence Mn species on the particle surface would
promote the dissociation and activation of circumambi-
ent oxygen atoms, because Mn2+-O and Mn3+-O bonds
are weaker than the Mn4+-O bonds [25]. In the XPS O
1s profiles of the samples shown in Fig. 3(b), the peaks
at 532.0, 531.0, and 529.6 eV can be assigned to sur-
face hydroxyl oxygen, surface adsorbed oxygen (Oads),
and lattice oxygen (Olatt), respectively [23]. Among the
different samples, -MnO2 showed the largest Oads/Olatt

ratio (Table 6). The O peaks of -MnO2 shifted slightly
toward the lower binding energy region, indicating that
the electron cloud density of O was greater, which may
result in the neutralization of the surface oxygen spe-
cies in this sample [24].

Fig. 3. XPS profiles of the Mn 2p3/2 and O 1s core levels of 
MnO2 according to the Mn source: (a) sample_OAc, (b) sam-

ple_SO4, (c) sample_Cl2, and (d) sample_NO3.

Table 6
Chemical states of Mn and O in -, -, and -MnO2 according to
the Mn precursor: (a) sample_OAc, (b) sample_SO4, (c)
sample_Cl2, and (d) sample_NO3 obtained from the XPS profiles
of the Mn 2p3/2 and O 1s core levels

Samples (Mn
2+

 + Mn
3+

) / Total Mn Oads / Olatt

(a) 0.41 0.21

(b) 0.37 0.19

(c) 0.42 0.32

(d) 0.45 0.30

Table 5
The pH value of mixed solution according to Mn source; (a)
sample_OAc, (b) sample_SO4, (c) sample_Cl2 and (d) sample_
NO3 before hydrothermal reaction

Samples

pH value of 
(Precursor +
D.I. Water)
solution

pH value of 
(Precursor + KMnO4

+D.I. Water)
solution

(a) 7.06 3.84

(b) 5.12 1.40 

(c) 5.03 1.08

(d) 4.31 1.03
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4. Conclusions

Single-phase particles of -, -, and -MnO2 were
successfully synthesized by a hydrothermal process using
different Mn sources. The results indicated that the par-
ticle morphology and crystal structure of MnO2 could be
effectively controlled by changing the Mn precursor.
The sample synthesized using Mn(OAc)2·4H2O (sam-
ple_OAc) adopted a single-phase tetragonal structure of
-MnO2 with the space group of I4/m(87), and it was
composed of nanorod-like particles with 1.2 m length
and 50~100 nm diameter. The sample synthesized using
MnSO4·H2O (sample_SO4) was also of a single phase,
and it adopted the tetragonal -MnO2 structure with the
space group of P42/mnm (136) and consisted of micro-
rod-like particles of 2 m length and 200~250 nm diam-
eter. In the cases of the samples prepared using MnCl2·
4H2O (sample_Cl2) and Mn(NO3)2·4H2O (sample_NO3),
a single phase of orthorhombic -MnO2 with the space
group of Pnma (62) was formed, and a small impurity
phase was observed. These two samples were composed
of aggregated angular nanoparticles of ~200 nm diame-
ter. The proportions of high-valence Mn4+ and Olatt were
relatively high on the -MnO2 surface, corresponding to
its stable crystal phase. On the other hand, the - and -
MnO2 materials tended to have lower-valence Mn3+ and
Mn2+ species, along with a low proportion of Olatt, on
their surfaces because of their intrinsic crystal defects
and oxygen vacancies.
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