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Introduction

Owing to depleting fossil fuel reserves, escalating environ-
mental problems, and rising energy prices, many efforts
have been devoted to the development of low-cost, light-
weight, and environmental friendly energy-storage devices,
such as supercapacitors[1] and batteries.[2] Supercapacitors,
also called ultracapacitors, electrochemical capacitors
(ECs),[3] and electrical double-layer capacitors (EDLCs)
have received much attention for applications in portable
electronic devices, hybrid electric vehicles, and backup
power sources.[4] Supercapacitors deliver energy at high
charging–discharging rates and, as such, they have higher
power and lower energy densities than other energy devices,
such as lithium-ion batteries and fuel cells.

Thus far, transition-metal oxides, such as ruthenium
oxide,[5] nickel oxide,[6] cobalt oxide,[7] and manganese
oxide,[8] have been extensively studied in electrochemical ca-
pacitor electrodes. Among them, Mn3O4 is a potentially in-
teresting electrode material for electrochemical supercapaci-
tors, owing to its low cost, environmental compatibility, and
intrinsically high capacity.[9] One-dimensional (1D) nano-
wires (NWs) have stimulated great recent interest because
of their unique electronic, mechanical, and optical proper-
ties and their potential applications in nanodevices.[10] To the
best of our knowledge, Mn3O4 NWs have a range of versa-
tile applications in many fields, such as optics, magnetism,
and lithium-ion batteries.[11] Interestingly, however, none of
these studies have addressed whether Mn3O4 NWs could be
used in electrode materials for applications as supercapaci-
tors. The main reason for the lack of studies in this area
may be that the poor electronic conductivity of Mn3O4

limits its performance in terms of both capacitance and ca-
pacitance retention at high current densities. A common
strategy for solving this problem of poor conductivity is to
combine Mn3O4 with carboneous materials, such as carbon-
nanotube networks,[12] graphene nanosheets,[13] and conduct-
ing polymers,[14] which are both lightweight and electronical-
ly conductive. However, such incorporation affords a kind
of physical composite that may easily break during pro-
longed charging–discharging cycles. In this regard, surface
modifications have been considered for nanostructured elec-
trode materials with poor conductivities. Carbon coating is
one of the most widely used surface-modification tech-
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niques,[15] because carbon coating layers can significantly en-
hance the electronic conductivity of electrode materials,
which results in improved rate performance. This modifica-
tion approach has mostly been used in the field of lithium-
ion batteries because they can act as barriers to protect the
inner active materials and maintain their high capacities.[15,16]

To date, there have been no reports on the modification of
the carbon coating in the field of supercapacitors. Herein,
for the first time, we demonstrate the design and fabrication
of hybrid nanoarchitectures through the formation of glu-
cose-assisted carbon coatings on bixbyite networks, which
can be calcined as the precursors to manganese-based coor-
dination-polymer particles. In comparison with conventional
methods for the preparation of functional inorganic materi-
als, this precursor method avoids the subsequent complicat-
ed workup procedure for the removal of the hard template,
the seed, or the use of soft templates. Another advantage is
that coordination-polymer precursors have uniform micro-
or nanostructured morphologies, owing to the operation of a
self-directed growth mechanism, which can afford excellent
performance for applications in many fields.[17] In this study,
we obtained magnetic carbon-coated Mn3O4 (Mn3O4@C)
NWs through an indirect transformation from manganese-
based coordination polymers and provided their correspond-
ing characterization data. Furthermore, we also investigated
the potential application of these nanowires in supercapaci-
tors and their magnetic properties.

Results and Discussion

Carbon-coated hausmannite NWs were prepared by the
in situ reduction of bixbyite networks with carbon coatings.
First, the bixbyite networks were obtained by the calcination
of manganese-based coordination-polymer precursors (a
mild approach that was based on Mn2+ ions and 1,3,5-benze-
netricarboxylic acid (H3BTC); for details, see the Supporting
Information). The most-intriguing feature of this approach
is the diversity of available molecular building blocks that
are readily polymerizable through metal�ligand coordina-
tion. Figure 1 a shows the SEM images of as-synthesized
bixbyite networks on a large scale. All of the three-dimen-
sional (3D) samples were macroporous and the diameter of
each hole was within the range 200–500 nm, as shown in Fig-
ure 1 b. Notably, the morphology of the bixbyite networks
was inherited from that of the amorphous coordination-pol-
ymer precursors (Figure 1 c and the Supporting Information,
Figure S1a); however, the surface of the outer border be-
tween each two neighboring holes in the bixbyite networks
was much smoother than that in the precursors, as shown in
Figure 1 d. In addition, the borders became narrower during
the calcination process in comparison with the precursors
(from more than 100 nm to about 50 nm). The Supporting
Information, Figure S1b, shows the powder X-ray diffraction
(XRD) patterns of the same samples, in which all of the
peaks are in good agreement with those of b-Mn2O3

(JCPDS No. 02-0896, a= b=c=9.41 �). The same chemical

composition of Mn2O3 samples are also confirmed by
energy-dispersive X-ray (EDX) spectroscopy (see the Sup-
porting Information, Figure S2).

Second, the carbon precursor layers were coated onto the
outer surface of the Mn2O3 networks through the pyrolysis
of glucose under hydrothermal conditions. The Supporting
Information, Figure S3, shows the SEM images of the result-
ing carbon-precursor-coated Mn2O3 samples (reaction time:
12 h); interestingly, however, it can be seen that there is a
morphology change from networks into wires during the
carbon-coating process. To further clarify the formation pro-
cedure of the morphology change, we tracked the transfor-
mation from networks into nanowires at different reaction
times (1, 2, 4, 6, 8, and 10 h), whilst keeping other experi-
mental conditions unchanged. These reactions were moni-
tored by SEM, as shown in Figure 2. Initially, the originally
successive networks were broken into several pieces during
the gradual pyrolysis of glucose (1 h, Figure 2 a). As the re-
action continued, the holes were gradually filled by the glu-
cose molecules to form paper-like products (2 h, Figure 2 b).
As the time went on, the formation of many nanosized
seeds was observed (4 h, Figure 2 c), which gathered togeth-
er and began to form wire-like aggregates (6 h, Figure 2 d).
Subsequently, the aggregates slowly annealed into single
nanowires after further fusion (8 h, Figure 2 e) and gradually
formed a large proportion of wire-like products (10 h, Fig-
ure 2 f). Finally, uniformly carbon-coated precursor nano-
wires were obtained after centrifugation, washing (12 h; see
the Supporting Information, Figure S3), and drying under an
argon atmosphere to carbonize the carbon precursor layers.
Moreover, the inner bixbyite motifs were reduced into haus-
mannite structures through the outer carbon layers, thus
giving rise to Mn3O4@C NWs. TEM analysis (Figure 3 a)
shows that the resultant NWs are obtained on a large scale
with lengths and widths of about 3–5 mm and 30 nm, respec-
tively. A high-resolution TEM image (Figure 3 b) indicates
that these NWs are crystalline, with crystal lattice fringes of
3.098 and 4.928 �, which are consistent with the {112} and

Figure 1. a,b) SEM images of bixbyite networks. c,d) SEM images of the
manganese-based coordination-polymer precursor.
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{101} planes of Mn3O4, respectively. The carbon layer, which
has a thickness of 1–4 nm, displays an amorphous state (for
details, see Figure 3 a, inset). Notably, the thickness of the
carbon layer can be controlled by decreasing the amount of
bixbyite core, whilst keeping the amount of glucose un-
changed (for details, see the Experimental Section and the
Supporting Information, Figure S4). Moreover, X-ray photo-
electron spectroscopy (XPS) data of the Mn3O4@C NWs
were collected, as shown in Figure 4. Within the survey
region (0–1000 eV), carbon, oxygen, and manganese species
were detected. Deconvolution of the C 1s peak illustrates
the presence of non-oxygenated carbon species at 284.6 eV
(Figure 4 b). There is a large amount of functional groups,
such as OH or =C=O groups, that covalently bond onto the

carbon layers during the carbonization of glucose.[18] The ox-
idation state of the manganese species was confirmed from
multiplet splitting of the Mn 3s and Mn 2p regions. The
splitting widths are 5.45 and 11.67 eV (Figure 4 c,d), respec-
tively, in agreement with the reported reference data on
Mn3O4.

[19] In addition, EDX analysis confirmed the presence
of carbon, oxygen, and manganese species in the hybrid ma-
terial, thus indicating that it consisted of manganese oxides
and amorphous carbon. Viewing the crystal structure of
Mn3O4 along the {101} facet, as shown in Figure 3 c, both
Mn2+ and Mn3+ ions display a linear framework, whilst
showing a cluster-like architecture along the {112} plane (see
the Supporting Information, Figure S5), in line with the
HRTEM results. These results indicate that the Mn3O4@C
NWs may prefer to grow along the {101} and {112} longitudi-
nal and lateral directions, respectively.

To further clarify the structures of the composites, XRD
experiments were carried out. Figure 3 d shows the XRD
pattern of the final Mn3O4@C products, which is in accord-
ance with a distorted tetragonal spinel structure (JCPDS
No. 24-0734; a=b=5.763 �, c=9.456 �). The intensities of
the peaks for the {101} and {112} facets are decreased in
comparison with the simulated values and no obvious peaks
that correspond to the carbon layer are observed in the
XRD pattern, thus indicating the carbon coatings are not
crystallized, in keeping with the HRTEM results. Note that
the distorted structure of Mn3O4 (distorted spinel AB2O4

structure) crystallizes in the space group I41/amd with Mn3+

atoms in octahedral sites and Mn2+ in tetrahedral sites, be-
cause of the Jahn–Teller effect of Mn3+ ions at room temper-
ature. Kim and co-workers showed that the electrochemical
performance of Mn3O4 could be tuned by multicomponent
substitution. Thus far, many Mn3O4 nanostructures have
been investigated in energy-storage fields.[11]

To verify the applicability of these new composites of
Mn3O4@C NWs as supercapacitor electrodes, their electro-
chemical properties were investigated in terms of their pro-

Figure 2. Representative SEM images that show the formation of carbon-
precursor-coated Mn2O3 after: a) 1, b) 2, c) 4, d) 6, e) 8, and f) 10 h.

Figure 3. a) TEM images of hausmannite NWs. b) HRTEM images of
hausmannite NWs with carbon coating shells. c) Crystal structures of
Mn3O4@C NWs, viewing along the (101) facet. d) Simulated XRD curve,
based on the bulk phase of Mn3O4, and XRD patterns of the as-synthe-
sized Mn3O4@C NWs; inset: TEM image of a single Mn3O4@C nanowire.

Figure 4. XPS spectra of a) the survey scan, b) the C 1s region, c) the
Mn 3s region, and d) the Mn 2p region of as-synthesized Mn3O4@C NWs.
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longed cycling performance. Cyclic voltammetry (CV) and
chronopotentiometry (CP) measurements were performed,
as shown in Figure 5. For comparison, the electrochemical
properties of commercial bare Mn3O4 were also determined
to investigate the influence of the carbon layer (for the cor-
responding characterization of bare Mn3O4, see the Support-
ing Information, Figure S6). All of the CV curves of
Mn3O4@C NWs in 1 m Na2SO4 at various scan rates showed
an almost-rectangular shape over the potential range (Fig-
ure 5 a). Clearly, the values that were obtained for the
Mn3O4@C NWs directly depended on the scan rate. Increas-
ing the scan rate decreases the specific capacitance, which is
essential for the application of supercapacitors and is even
the most-important factor in determining the success of su-
percapacitors in most cases. The imperfect rectangular
shape implied that lots of functional groups were attached
onto the amorphous carbon frameworks. The specific capac-
itances of the Mn3O4@C NWs at different scan rates were
calculated and the corresponding relationships are shown in
the Supporting Information, Figure S7. The specific capaci-
tance was determined to be 197, 176, 156, 122, 92, and
64 Fg�1 at scan rates of 2.5, 5, 10, 25, 50, and 100 mV s�1, re-
spectively. The Mn3O4@C NWs had several-times-higher
specific capacitance than that of commercial bare Mn3O4 at
scan rates of between 2.5 and 100 mV s�1. This increase in
the specific capacitance can be attributed to the conductivity
of the exterior carbon layers.

The CP curves of Mn3O4@C NWs and commercial bare
Mn3O4 at a current density of 1 A g�1 are shown in Fig-
ure 5 b. The increase in charging time represents the higher
capacitance of Mn3O4@C NWs. The specific capacitance of
Mn3O4@C NWs at a current density of 1 Ag�1 was 174 F g�1,
which was higher than that investigated in other recent re-

ports on Mn3O4 architectures or graphene-supported Mn3O4

nanocomposites (for details, see the Supporting Information,
Table S1).[20,21] Because it is important for a supercapacitor
material to have good cycling performance, an endurance
test was conducted by using galvanostatic charging–discharg-
ing cycles at 5 Ag�1 (Figure 5 c). During the first 1000 cycles,
the specific capacitance was maintained at the same value
and decreased slightly over the next 2000 cycles. Even after
3000 continuous charge–discharge cycles, the capacitance re-
tention was more than 92 %. This result is in contrast with
experiments on other kinds of Mn3O4 electrodes, which
showed significant degradation of the capacitance within
400–1000 charging–discharging endurance tests.[20,21] Both
the exterior carbon layers and the interior Mn3O4 motifs
could make electrochemical contributions to the specific ca-
pacitance. First, the exterior carbon layers serve as a con-
ductive matrix to promote fast Faradaic charging and dis-
charging of the interior Mn3O4 structures. Second, Na+ ions
in the electrolyte can insert and de-insert themselves onto/
from the surface of the carbon layers and also gain access
through the Mn3O4 nanostructures.

The electrode kinetics of Mn3O4@C NWs (red circles) and
bare-Mn3O4 (black squares) were investigated by electro-
chemical impedance spectroscopy (EIS) at room tempera-
ture, as shown in Figure 5 d. The EIS data can be fitted by
an equivalent circuit, which consists of a bulk solution resist-
ance (Rs), a charge-transfer resistance (Rct), a pseudocapaci-
tive element (Cp) from the redox process of Mn3O4, and a
constant phase element (CPE) to account for the double-
layer capacitance, as shown in Figure 5 d, inset. The bulk sol-
ution resistance (Rs) of two as-prepared samples was meas-
ured (by using ZsimpWin software) to be 6.0 and 3.3 W, re-
spectively, whilst the charge-transfer resistance (Rct) was cal-
culated to be 3.5 and 13.7 W, respectively (see the Support-
ing Information, Figure S8). These results clearly demon-
strate the decreased charge-transfer resistance of the
Mn3O4@C NWs electrode. Notably, the charge-transfer re-
sistance (Rct), also called Faraday resistance, is a limiting
factor in determining the specific power of the supercapaci-
tor. It is the low Faraday resistance that results in the high
specific power of the Mn3O4@C NWs electrode. Thus, this
above-mentioned electrochemical performance makes the
1D Mn3O4@C NWs one of the most-promising candidates
for the application of electrode materials of supercapacitors.

Mn2O3 networks inherited the morphology of Mn-based
coordination-polymer particles and then were reduced to
form Mn3O4@C NWs with the aid of glucose. Carbon layers
are ideal shells because they can protect the particle cores
against oxidation and because they can be used for electro-
magnetic shielding, owing to their rich electron-transport
natures, and, consequently, influence the resulting magnetic
properties of the particle cores.[22] Therefore, the magnetic
properties of both materials were investigated. For compari-
son, the magnetic properties of commercial bare Mn3O4

were also investigated. The magnetic properties of the
Mn2O3 networks are shown in Figure 6 a, b but are not de-
scribed here to avoid confusing primary and secondary net-

Figure 5. Supercapacitive properties of the Mn3O4@C NWs: a) CV curves
at different scan rates. b) Galvanostatic charge–discharge curves of bare
Mn3O4 and Mn3O4@C NWs at a current density of 1 A g�1. c) Cycling test
of Mn3O4@C NWs samples at a nominal current density of 5 Ag�1.
d) Electrochemical impedance spectra (EIS) of electrodes of bare Mn3O4

and Mn3O4@C NWs at room temperature; inset shows an equivalent cir-
cuit.

Chem. Eur. J. 2013, 19, 7084 – 7089 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7087

FULL PAPERMagnetic Mn3O4@C Nanowires for Supercapacitor Electrodes

www.chemeurj.org


works. Bulk Mn3O4 is known to undergo long-range magnet-
ic ordering into a collinear ferrimagnetic array on cooling
through Curie–Weiss temperature TC =42 K.[23] In addition
to such a feature, as shown in Figure 6 c, we also observed a
distinct divergence, with the field-cooled (FC) magnetization
of Mn3O4@C increased by about 50 K, which is higher than
that of bulk Mn3O4. The simplest interpretation of this be-
havior is that it arises from finite-size-scaling and surface ef-
fects.[24] Moreover, with decreasing temperature from the TC

value, the zero-field-cooled (ZFC) magnetization gradually
increases and reaches a maximum at 40 K, at which the ther-
mal activation overcomes all of the energy barriers, known
as the blocking temperature (TB).[25] Figure 6 d shows the
hysteresis loop of the Mn3O4@C NWs sample measured at
2 K at an applied magnetic field in the range between �70
and +70 kOe. These result show that Mn3O4@C NWs have a
large coercive force (about 11 kOe), which is about four
times that of its bulk counterpart (2.8 kOe).[26] This force is
much larger than that of Mn3O4 nanostructures in the re-
ported references.[27] One interpretation in assigning this fea-
ture is related to the single-domain nature and high shape
anisotropy of the nanowires.[28] When compared with com-
mercial bare Mn3O4, there are two clear differences in
Figure 7: A temperature at around 40 K is broader and the
saturation magnetization is lower for the Mn3O4@C NWs
sample. A simple interpretation of both observations may
be that carbon-shell modifications have an influence on the
surface of Mn3O4 and on the homogeneity of the mean ex-
change field and, thus, influence the resulting magnetic
properties.

Conclusion

In summary, a simple and straightforward method for the
preparation of 1D Mn3O4@C NWs has been presented. We

demonstrated that the outer carbon coating shell improved
the electrochemical performance of the core–shell structures
in several ways, including: 1) maintaining the integrity of the
particles; 2) serving as barriers to protect the inner Mn3O4

core and maintaining its high capacity; and 3) serving as a
conductive matrix to promote fast Faradaic charging and
discharging of the inner Mn3O4 nanostructures. As a result,
the Mn3O4@C NWs showed several-times-higher capaci-
tance and had outstanding capacitance retention upon cy-
cling in comparison with those of bare Mn3O4 and other
commercial materials. The results presented herein give
clear evidence of the ability of carbon coatings to improve
the electrochemical performance of these materials as elec-
trodes for supercapacitors. In addition, the resulting magnet-
ic properties of the Mn3O4@C NWs also show a distinct di-
vergence from those of bulk Mn3O4, thus illustrating the in-
fluence of the carbon coating.

Experimental Section

Preparation of bixbyite networks (Mn2O3): In a typical synthesis of the
Mn-based coordination-polymer precursor, a 0.1 m aqueous solution of
Mn ACHTUNGTRENNUNG(OAc)2 was added dropwise into a 0.1m solution of H3BTC in DMF
(20 mL, molar ratio: 3:2) under vigorous stirring and a large amount of
white solid immediately precipitated. After stirring for 20 min, the pre-
cipitate was collected by centrifugation, washed several times with DMF,
and dried at 60 8C for 6 h in a porcelain combustion vessel. For the prepa-
ration of Mn2O3 nanostructures, the precursors were heated under an Ar
atmosphere at 400 8C and maintained for 10 min. The heating rate of the
furnace was kept at 1 8C min�1.

Preparation of carbon-coated Mn3O4 nanowires (Mn3O4@C): Bixbyite
networks (300 mg) were dispersed in deionized water (10 mL) by ultraso-
nication to form a suspension. Then, the suspension and EtOH (5 mL)
were added to a solution of glucose (600 mg, C6H12O6·3H2O) in deion-
ized water (15 mL) under gentle stirring. The resulting suspension was
transferred into a Teflon autoclave (50 mL), which was heated at 180 8C
in an electric oven for 12 h. The carbon-precursor-coated bixbyite net-
works were collected by centrifugation, washed with deionized water,
and dried at 80 8C in an oven. The resulting sample was heated at 400 8C
and maintained for 30 min under an Ar atmosphere at a heating rate of

Figure 6. a) ZFC and FC magnetization curves and b) hysteresis loop
(2 K) of the Mn2O3 networks. c) ZFC and FC magnetization curves and
d) hysteresis loop (2 K) of the Mn3O4@C NWs.

Figure 7. ZFC and FC magnetization curves of bare Mn3O4 and the
Mn3O4@C NWs.
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1 8C min�1. The products were obtained after the furnace had cooled to
RT. The thickness of the carbon layer can be adjust by changing the
amount of bixbyite networks (200, 100, and 50 mg) whilst keeping the
amount of glucose constant (600 mg). The other experimental procedures
were kept unchanged.

Characterization : Powder X-ray diffraction (PXRD) data were collected
on a Bruker D8 Advance instrument by using CuKa radiation (l=

1.54056 �) at RT. The morphology of the as-prepared samples and their
corresponding energy-dispersive X-ray (EDX) spectra were obtained on
a Hitachi S-4800 field-emission scanning electron microscope (FE-SEM).
TEM images were recorded on a JEM-2100 instrument at an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was per-
formed on an ESCALab MKII X-ray photoelectron spectrometer by
using non-monochromatized AlKa radiation as an excitation source. Mag-
netic measurements of the samples were performed on a Quantum
Design MPMS-XL-7T SQUID magnetometer with a maximum magnetic
field of 10 kOe and a magnetic field of 7 T.

The electrochemical measurements were performed on a CHI660D elec-
trochemical analyzer system (Chenhua, Shanghai, China) in a three-com-
partment cell with a Pt plate counter electrode, a saturated calomel elec-
trode (SCE) reference electrode, and a working electrode. The electro-
lyte was a 1 m aqueous solution of Na2SO4.
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