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Abstract

Single-crystalline nanorods of g-MnOOH (manganite) phase with diameters of 120 nm and lengths of 1100 nm have been prepared
using a new cluster growth route under low-temperature hydrothermal conditions starting from [Mn12O12(CH3COO)16
(H2O)4] � 2CH3COOH � 4H2O or [Mn12O12(C2H5COO)16(H2O)3] � 4H2O without any catalyst or template agents. The so-obtained

nanorods were studied by X-ray diffraction (XRD), infrared (IR) spectroscopy, Raman spectroscopy and high resolution

transmission electron microscopy (HRTEM). Their thermal conversion opens an access to Mn3O4 (hausmannite) and

b-MnO2 (pyrolusite) nanorods, respectively, under argon or air atmosphere. A coercive field of 12.4 kOe was obtained for the
Mn3O4 nanorods.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nanorods and nanowires represent a class of one-
dimensional nanostructures in which the carrier motion
is restricted in two directions. Due to quantum
confinement or surface effects, they usually show
interesting properties that cannot be observed for their
bulk counterparts of the same chemical composition
[1,2]. In the recent years, these nanostructures have
become the focus of intensive research activity owing to
their applications in mesoscopic physics and fabrication
of nanoscale electronic, optoelectronic and magnetic
devices [3,4]. Manganese oxide and oxohydroxide one-
e front matter r 2005 Elsevier Inc. All rights reserved.
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dimensional nanostructures have attracted a great deal
of attention because of their potential applications in
many fields including separation, chemical sensing
devices, biology and electronics. Among them, a- and
g-MnOOH, a-, b-and g-MnO2 present particular interest
because of their applications as catalysts and as
electrode materials in lithium batteries [5–12]; Mn3O4
possesses interesting magnetic [13,14], electrochemical
properties [15–17] and may be used as an efficient
catalyst for several processes [18–21]. The performance
of manganese oxides in most of these applications could
be potentially enhanced by processing one-dimensional
nanostructures with well-controlled composition, di-
mensions and morphology. Chemical synthesis provides
an interesting approach in terms of the best control of
chemical composition, phase purity and material diver-
sity [22]. A common chemical preparation of manganese
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oxide one-dimensional nanostructures consists in the
hydrothermal synthesis in the presence of catalysts or
template agents. Indeed, the preparation of a-MnOOH
(groutite) elongated particles [5], g-MnOOH (manga-
nite) nanorods [6], a-MnO2 nanorods [7,8], b-MnO2
(pyrolusite) nanowires [9] and nanorods [10], g-MnO2
(ramsdellite) [8] and Mn3O4 [12] nanowires has been
reported using MnSO4, Mn(CH3COO)2, KMnO4 salts
or from commercial granular manganese oxides. An
alternative strategy in the chemical preparation of metal
oxide one-dimensional nanostructures consists in the use
of molecular precursors [23,24]. However, this method
has not been extended to the fabrication of manganese
oxide nanostructures up to now. To the best of our
knowledge, an unique example of using the coordina-
tion-polymer [Mn(SO4)(4,4

0-bpy)(H2O)2]n as precursor
in the preparation of g-MnO2 nanowires has been
reported [25].
Herein, we report a novel cluster growth method for

the synthesis of single-crystal g-MnOOH nanorods by
low-temperature hydrothermal treatment of [Mn12O12
(RCOO)16(H2O)n] (R ¼ CH3 (n ¼ 4), C2H5 (n ¼ 3))
without any catalysts or template agents. The thermal
conversion of the so-obtained MnOOH nanorods
provides an access to the fabrication of Mn3O4
(hausmannite) and b-MnO2 (pyrolusite) nanorods.
2. Experimental section

2.1. Synthesis

All of the chemical reagents used in these experiments
were analytical grade. The carboxylate clusters [Mn12O12
(CH3COO)16(H2O)4] � 2CH3COOH � 4H2O [26] (Fig. 1S,
Supplemental Data), [Mn12O12(C2H5COO)16(H2O)3] �
4H2O [27], [Mn12O12(C6H5COO)16(H2O)4] �C6H5COOH �

CH2Cl2 [28] and [Mn12O12(ClCH2COO)16(H2O)4] �
6H2O � 2CH2Cl2 [29] were prepared according to literature
procedures.

2.1.1. Synthesis of g-MnOOH nanorods 1
In a typical experiment, the cluster [Mn12O12(CH3

COO)16(H2O)4] � 2CH3COOH � 4H2O (0.1 g, 0.048mmol)
was dissolved in 25mL of CH3CN, filtered and added to
25mL of an aqueous solution of NaOH (pH ¼ 13.25).
The mixture was vigorously stirred for 2 h. The resulting
dark brown solution was transferred to a Teflon lined
autoclave and heated at 150 1C for 24 h. The resulting
brown solid was filtered, copiously washed with H2O/
CH3CN (1/1), acetone, pentane and dried in vacuo at
80 1C for one night. Yield 0.048 g (95%).
For 1, elemental analysis, calcd., %: Mn, 62.46; O,

36.41; found, % : Mn, 61.29; O, 36.26.
The clusters [Mn12O12(C2H5COO)16(H2O)3] � 4H2O,

[Mn12O12(C6H5COO)16(H2O)4] �C6H5COOH �CH2Cl2
and [Mn12O12(ClCH2COO)16(H2O)4] � 6H2O � 2CH2Cl2
were treated in the same experimental conditions in
order to obtain the solids 1a, 1b and 1c, respectively.

2.1.2. Preparation of Mn3O4 nanorods 2
Mn3O4 nanorods 2 were prepared by the calcinations

of 1 up to 400 1C for 20min under an argon flow with a
heating rate of 2 1C min�1.
For 2, elemental analysis, calcd., %: Mn, 72.03; O,

27.97; found, %: Mn, 71.35; O, 29.32.

2.1.3. Preparation of b-MnO2 nanorods 3
MnO2 nanorods 3 were prepared by the calcinations

of 1 up to 400 1C for 20min under an air flow with a
heating rate of 2 1Cmin�1.
For 3, elemental analysis, calcd., %: Mn, 63.19; O,

36.81; found, %: Mn, 63.40; O, 36.29.

2.2. Physical measurements

Thermogravimetric analyses (TGA/DTA) were per-
formed on a NETZSCH STA 409 PC LUXX instru-
ment. Infrared (IR) spectra were recorded on a Perkin
Elmer 1600 spectrometer with a 4 cm�1 resolution.
Elemental analyses were performed by the Service
Central d’Analyse (CNRS, Vernaison, France). The
samples were heated at 3000 1C under He. Oxygen was
transformed in CO and detected by using an IR
detector. Manganese was determined by using the
emission spectroscopy technique PLASMA ICP. Pow-
der X-ray diffraction (XRD) patterns were measured
on a PanAnalytical diffractometer equipped with an
ultra-fast X’celerator detector X’pert Pro in the 2Y
range (10–60)1 with Nickel-filtered copper radiation
(1.5405 Å). The measurement parameters are: stepsize,
0.01671; counting time, 60 s. Raman spectra were
recorded with a laser spectrometer LABRAM 1B
confocal of the Jobin–Yvon–Dilor–Spex Society. The
emission of an helium-neon laser at wavenumber of
632.8 nm was used for measurements and a standard
photon counting technique was used for detection.
Magnetic susceptibility data were collected with a
Quantum Design MPMS-XL SQUID magnetometer
working in the temperature range of 1.8–300K and the
magnetic field range of 0–50 kOe. The data were
corrected for the sample holder and the diamagnetism
contributions calculated from the Pascal’s constants
[30]. Samples for high resolution transmission electron
microscopy (HR TEM) measurements were prepared
using ultramichrotomy techniques and then deposited
on copper grids. HRTEM measurements were carried
out at 200 kV with a microscope JEOL JEM 2010.
Scanning electron microscopy (SEM) observations were
performed at 15 kV on a JSM6300f. The solid sample
was mounted on an adhesive support without any
dispersion treatment. The nanorods size distribution
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histograms were determined using enlarged SEM
micrographs taken at magnification of � 25K. A large
number of nanorods (400–600) were counted in order to
obtain a size distribution with good statistics.
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Fig. 1. Powder X-ray diffraction pattern within the range 2y (5–601)
for : (a) 1; (b) the sample 1 heated under argon at 400 1C; (c) the sample

1 heated at 400 1C under air.
3. Results

3.1. Synthesis of g-MnOOH nanorods 1

The MnOOH nanorods 1 were prepared by hydro-
lysis of the cluster [Mn12O12(CH3COO)16(H2O)4] �
2CH3COOH � 4H2O in CH3CN for 24 h. The Mn/O
ratio in 1 determined by elemental analysis is equal to
1.69 (expected value: 1.71). All of the reflections of the
XRD pattern (Fig. 1a) were readily indexed to a pure
monoclinic phase of g-MnOOH (manganite, space
group P21=c (14)) with lattice parameters a ¼ 5:300 (A,
b ¼ 5:278 (A, c ¼ 5:307 (A and b ¼ 114,36 1 (PDF 41-
1379) [31]. In the 400–700 cm�1 range, the IR spectrum
of sample 1 (Figure 2Sa, Supplemental Data) corre-
sponds to the Mn–O stretching vibrations besides bands
at 1089, 1120 and 1153 cm�1 characteristic of the OH-
bending modes (respectively n-OH, d-2-OH and d-1-
OH) [32]. The broad bands at 2084 and 2672 cm�1

correspond to the fundamental O–H stretching bands
related to hydrogen bonds, with an O–H.O length of
about 2.6–2.7 Å in the structure of manganite [31].
The Raman spectrum of 1 presents peaks at 354, 385,
526, 554 and 620 cm�1 (Figure 3Sa, Supplemental
Data) as observed in the spectrum of bulk MnOOH
samples [33].
The panoramic morphology of the so-obtained

product 1 was examined by SEM and HRTEM. The
product 1 consists of nanorods, the proportion of which
in the product is above 90% (Figs. 2a, b). Each nanorod
is straight and has an uniform diameter along its entire
length. Their average width is equal to 120 nm (Fig. 4S,
Supplemental Data), while their length is about
1100 nm; the aspect ratio is around 9 [34]. Fig. 3a shows
HRTEM image of a single MnOOH nanorod (aspect
ratio 9.2) revealing its monocrystalline structure. It is
structurally uniform with a periodic fringe spacing
of 3.57 Å along the longitudinal axis of the nanorod,
which corresponds to the interplanar spacing between
the (011) planes of the monoclinic MnOOH. Thus,
the longitudinal axis of the MnOOH nanorods corre-
sponds to the b axis of the monoclinic cell unit. The
electron diffraction pattern of a single MnOOH
nanorod obtained by focusing the electron beam
perpendicular to the longitudinal axis is presented in
Fig. 3b.
The following clusters were treated under the same ex-

perimental conditions as for 1: [Mn12O12(C2H5COO)16
(H2O)3] � 4H2O, [Mn12O12(C6H5COO)16(H2O)4] �
C6H5COOH �CH2Cl2 and [Mn12O12(ClCH2COO)16
(H2O)4] � 6H2O � 2CH2Cl2. Brown solids respectively
named 1a, 1b, and 1c were obtained. In all cases, the
formation of the manganite phase, g-MnOOH, was
observed. SEM measurements indicate that nanorods in
proportion of about 90% were formed only in the case
of 1a (Figure 5Sa, b, Supplemental Data). The SEM
images of 1b and 1c show melted nanorods in which
the proportion of nanorods is only around 40–50%
(Figure 5Sc, d, Supplemental Data).
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Fig. 2. Scanning electron microscopy (SEM) image of (a), (b) MnOOH nanorods 1; (c), (d) Mn3O4 nanorods 2 and (e), (f) b-MnO2 nanorods 3.
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Fig. 3. High resolution transmission electron microscopy (HRTEM) image (a) of a single MnOOH nanorod of 1 and (b) electron diffraction pattern

of the same MnOOH nanorod.
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3.2. Formation of Mn3O4 nanorods: the thermal

behaviour of the MnOOH nanorods 1 under argon

atmosphere

The thermogravimetric analysis (TGA-DTA) of 1

performed under argon atmosphere from room tem-
perature up to 1200 1C exhibits three well-pronounced
weight loss steps with inflexion points at 272, 522, and
1060 1C which correspond to weight losses of 12.9%,
1.7% and 0.6%, respectively (Fig. 4a).
The first weight loss (inflexion point at 272 1C) of

12.9% (expected value: 13%) is assigned to the
transformation of MnOOH into Mn3O4 and oxygen
and water release according to Eq. (1):

6MnOOH! 2Mn3O4þ3H2Oþ 1
2
O2. (1)

The XRD pattern of sample 2 obtained by heating
sample 1 up to 400 1C under argon is shown in Fig. 1b.
All diffraction peaks can be indexed to the pure
tetragonal phase (space group: I41=amd) of Mn3O4
(hausmannite) with lattice parameters a ¼ 5:76 (A and
c ¼ 9:47 (A (PDF 24-0734). IR bands observed at 603,
492 and 419 cm�1 (Figure 2Sb, Supplemental Data)
along with a strong peak at 642 cm�1 in the Raman
spectrum of this solid (Figure 3Sb, Supplemental Data)
are characteristic of Mn3O4 [35–38].
The SEM measurements depicted in Figs. 2c, d show

that sample 2 consists of nanorods with a proportion in
the product above 90% with an aspect ratio around 7
(Fig. 6S, Supplemental Data).
A temperature dependence of the magnetization
for 2 performed with an applied magnetic field of
100Oe is shown in Fig. 5a. The curve increases
dramatically below 60K with an inflexion point at
42K indicating the critical temperature for this com-
pound. This value corresponds to the critical tempera-
ture previously observed for bulk Mn3O4 [39,40] or
nanoparticles with sizes larger than 10 nm [41,42].
The in-phase (w0M) and the out-of-phase (w

00
M) compo-

nents of alternating current (ac) susceptibility performed
at three different frequencies 1, 49 and 1000Hz in zero
applied direct current (dc) field also show peaks at 42K.
No frequency-dependent behaviour characteristic of
superparamagnetic behaviour of nanoparticles (si-
zeo10 nm) [41] can be observed (Fig. 7S, Supplemental
Data).
The field dependence of the magnetization for 2 is

clearly consistent with a nanorod structure. The
calculated value of the saturation magnetization
(16755 emumol�1) is not reached at 50 kOe. A hysteresis
behaviour with a coercive field of 12.4 kOe was observed
as the magnetic field was varied from 50 kOe to –50 kOe
(Fig. 5b).

3.3. Formation of b-MnO2 nanorods: the thermal

behaviour of the MnOOH nanorods 1 under air

The thermogravimetric analysis of the product 1

performed under air from room temperature up to
1200 1C exhibits three well-pronounced weight loss steps
at 250, 556 and 943 1C (Fig. 4b).
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The first weight loss (inflexion point at 250 1C) of
3.9% (expected value: 1.1%) corresponds to the oxida-
tion of g-MnOOH (manganite) phase into b-MnO2
(pyrolusite) according to the reaction (2) and to the
oxidation of residual organic moieties:

4MnOOHþO2 ¼ 4MnO2 þ 2H2O: (2)

The XRD pattern of sample 3 (Fig. 1c) obtained by
heating sample 1 up to 400 1C under air presents peaks
consistent with a pure tetragonal phase (space group:
P42/mnm (136)) of b-MnO2 (pyrolusite) with lattice
parameters a ¼ 4:38 (A and c ¼ 2:86 (A (PDF 72-1984).
Its IR spectrum displays bands at 411, 527 and 712 cm�1

due to the Mn–O vibrations (Figure 2Sc, Supplemental
Data) [33]. In addition, its Raman spectrum exhibits a
strong peak at 655 cm�1 characteristic of b-MnO2
(Figure 3Sc, Supplemental Data) [43].
The SEM images of 3 shown in Figs. 2e, f reveal that
the morphology of the nanorods was completely
preserved upon heating at 400 1C under air. The aspect
ratio of the nanorods 3 is equal to 7 (Fig. 11S,
Supplemental Data).
The second and third weight loss steps of 7.4% and

2.9%, respectively, with inflexion points at 556 and
943 1C (Fig. 4b) correspond to oxygen release and the
transformation of b-MnO2 (pyrolusite) to Mn2O3
(bixbyite) according to Eq. (3) and the subsequent
conversion of Mn2O3 to Mn3O4 according to Eq. (4):

6MnO2 ¼ 3Mn2O3 þ
3
2
O2, (3)

3Mn2O3 ¼ 2Mn3O4 þ
1
2
O2. (4)
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SEM images performed on these samples show
a destruction of the initial nanorods 1 (see Supplemental
Data for XRD, spectroscopic characterisations and
SEM).
4. Discussion

A novel cluster growth method has been developed to
synthesize g-MnOOH (manganite) nanorods by low-
temperature hydrothermal treatment of the clusters
[Mn12O12(RCOO)16(H2O)n] (R ¼ CH3 (n ¼ 4), C2H5
(n ¼ 3)) without any catalyst or template. The use of
[Mn12O12(RCOO)16(H2O)n] (R ¼ CH3, CH2Cl, C6H5
(n ¼ 4) and C2H5 (n ¼ 3)) species as molecular pre-
cursors in the synthesis of manganese oxohydroxide
nanorods was appealing for the following reasons:
(i)
 [Mn12O12(RCOO)16(H2O)n] have a pre-formed oxo-
manganese core containing a central [Mn4

IVO4]
cuban surrounded by a nonplanar ring of eight
outer MnIII ions that are bridged and connected to
the cube via m3-O

2� ions (see Supplemental Data)
[26–29];
(ii)
 The clusters may be easily hydrolysed in the
presence of water and their thermal treatment give
rise to pure bulk manganese oxides [41]. The
thermal treatment may be performed under differ-
ent atmospheres.
(iii)
 The peripheral ligation of the clusters is performed
by 16 bridging labile carboxylate ligands, which may
be easily removed and exchanged with a large range
of carboxylate groups RCOO� without change of
the oxo-manganese cluster core. The lability of the
peripheral ligands is influenced by the nature of R.
A first point to note concerns the phase purity,
homogeneity and the narrow size distribution of the so-
obtained nanorods. To the best of our knowledge, the
sole previously published synthesis of g-MnOOH has
been performed by using KMnO4 as precursor and
ethanol as reducing agent [6]. Nanorods with a large
diameter distribution between 50 and 500 nm with
lengths of tens of micrometers were obtained. In this
method, the influence of the amount of ethanol in the
solvent along with the reaction temperature on both the
morphology and the composition of the final product
were shown to be very important. As a consequence,
other phases, such as KxMnO2 or Mn3O4, may be
obtained beside MnOOH. In contrast, the use of
[Mn12O12(RCOO)16(H2O)n] as precursor does not re-
quired the employment of strict reaction conditions and
no impurities were detected on the final nanorods. The
so-obtained g-MnOOH nanorods posses a narrow
diameter distribution centred at 120 nm along their
entire length and an aspect ratio around 9.
A clear morphology dependence of the MnOOH
nanorods on the nature of the peripheral ligation of the
[Mn12O12(RCOO)16(H2O)n] cluster precursor was estab-
lished. Well-formed nanorods were obtained when using
manganese clusters bearing carboxylate ligands RCOO�

with R ¼ CH3 and C2H5, while melted nanorods in
which the proportion of nanorods is less than 50% were
obtained for R ¼ ClCH2 and C6H5. These results
strongly suggest that the carboxylate ligands play the
role of structuring agent in the synthesis and that the
increase of the electron donating capacity of the R

groups favours the nanorods formation.
Another point to note concerns the transformation of

g-MnOOH nanorods into Mn3O4 and b-MnO2. For the
bulk solids, the manganite–pyrolusite (MnOOH-b-
MnO2) conversion upon heating under air is known in
the literature and takes place at 350 1 [31]. However, no
investigations have been reported on the manganite
transformations upon heating under different atmo-
spheres at the nano-sized level. The thermal conversion
of the so-obtained MnOOH nanorods performed both
under argon and air atmospheres provides an access to the
formation of Mn3O4 (hausmannite) and b-MnO2 (pyr-
olusite) nanorods. In comparison to bulk materials, the
lower conversion temperatures of 275 1C (for Mn3O4) and
250 1C (for b-MnO2) can be attributed to the higher
surface of the nanorods. In both cases, the initial
nanorods morphology was preserved after thermal treat-
ment with a slight modification of the aspect ratio from 9
to 7. It is noteworthy that the coercive field observed for
the obtained Mn3O4 nanorods is much larger than the
ones reported previously for bulk Mn3O4 (3 kOe) [39,40],
aggregated Mn3O4 nanoparticles (6.1 kOe) [44] or Mn3O4
nanoparticles of around 10nm (2.5 kOe) [41]. Obviously,
the largeHc value has been achieved by two main factors:
the shape anisotropy due to the nanorods morphology
[45] and the formation of a single magnetic domain due to
the small nanorods size [46].
Acknowledgments

The authors thank Dr. Arie van der Lee (IEM, UMR
5635, Montpellier, France) for XRD measurements and
for helpful discussions, Mr. L. Datas (TEMSCAN,
Toulouse, France) for HRTEM measurements, Service
Central d’Analyse (CNRS, Vernaison, France). The
authors thank the CNRS and the Université Montpellier
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