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Abstract−Among various candidates to replace the low capacity graphitic carbon anode in current lithium ion batter-
ies (LIBs), manganese oxides possess the advantages of high lithium storage capacity, low cost, high intrinsic density,
environmental friendliness and low lithium storage voltage, i.e., 0.5 V Li+/Li. Manganese oxides, however, have to be
incorporated with conducting and porous matrix due to poor electrical conductivity and large volume expansions asso-
ciated with conversion reaction upon cycling. In this study, a facile one-pot route was attempted for the synthesis of
MnO/C nanocomposite for which Mn3O4 nanoparticles were grown in aqueous medium followed by carbon gel for-
mation in a one-pot reactor. Thus obtained Mn3O4/C carbon gel was transformed into MnO/C nanocomposite by
thermal annealing in an Ar flow. The MnO nanoparticles (60 wt%) of 20-50 nm in diameter were well dispersed through-
out the MnO/C composite. The MnO/C composite delivered reversible capacity of 541 mAh g−1 with an excellent
cycling stability over 100 cycles, while parent Mn3O4 lost most of its capacity in 10 cycles. The MnO/C composite also
exhibited much higher rate capability than a commercial graphite anode. Hence, the MnO/C composite based on low
cost materials and facile synthetic process could be an attractive candidate for large-scale energy storage applications.
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INTRODUCTION

With the great success of high energy lithium-ion batteries (LIB)
in powering small consumer electric devices, LIB technology is being
further explored for use in the emerging large scale applications
such as various electric vehicles and energy storage system (ESS)
for many other applications [1-3]. Compared with the LIB cells for
small electronic devices, these emerging large scale applications
necessitate more advanced characteristics of LIB, including high
energy and power density, low cost material, improved safety and
reliability [3-6]. For commercial lithium ion batteries, graphitic
carbon has been used as the anodes because of its excellent cycling
stability and relatively low cost. However, graphitic carbon offers
low theoretical specific (372 mA g−1 with one Li per C6) and volu-
metric capacities, very poor rate capability due to low intrinsic Li
intercalation rate into its lattice crystal structure (d=3.35 Å) raising
safety concern at high rate charging due to lithium plating. Hence,
the performance of LIB can be further improved by adopting ad-
vanced anode material providing higher (volumetric as well as spe-
cific) capacity and faster charging capability than graphitic carbon.

Nano-sized transition metal oxides (TMOs), first reported by
Piozot et al. in 2000 [7], are promising candidates for anode mate-
rials due to their high capacity (750-1,200 mAh g−1) attainable by
the “conversion reaction” given in Eq. (1) in which full utilization
of all the oxidation states of high-valance transition-metal oxides
can be achieved. And reaction (1) is thermodynamically sponta-

neous in the forward side since the Gibbs free energy changes are
in the range of −200~−430kJ mol−1 [14]. The reverse reaction should
proceed if an external electromotive force (emf) greater than the
equilibrium potential is applied [14]. In addition, TMOs (e.g., FeOx,
MnOx and etc.) are abundant, cheap and non-toxic and have high
intrinsic density (4.9-5.4 g cm−3 versus 2.16 g cm−3 for graphite)
[8-18]. A great attention is being paid to manganese oxides (MnOx)
because 1) MnOx can store two to eight Li ions per formula unit
dependent upon its oxidation state as shown in reactions (2), (3),
(4) and (5), corresponding to the theoretical conversion capacities
of 756, 1,223, 1,018 and 937 mAh g−1, respectively [15,17-21], and
2) MnOx possesses much lower equilibrium potential giving lower
reduction (charging in a full cell battery) voltage plateau (around
0.5 V vs. 0.8-1.0 V for FeOx), and thus can offer higher energy den-
sity than other TMOs when coupled with specific cathode in a full
LIB cell [4,14,15]. Like other TMOs, however, MnOx has poor elec-
trochemical reversibility due to extremely low electrical conductiv-
ity (~10−5-10−8 S/cm) and drastic chemical and structural changes
inherently accompanying the conversion reactions [13,22,23].

MxOy+2y (Li+)+2y (e−)↔x (M)+y (Li2O) (1)

MnO+2Li++2e−↔Mn+Li2O (2)

MnO2+4Li++4e−↔Mn+2Li2O (3)

Mn2O3+6Li++6e−↔2Mn+3Li2O (4)

Mn3O4+8Li++8e−↔3Mn+4Li2O (5)

MnOx are widely used in many industrial applications includ-
ing catalysts, adsorbents, supercapacitor and cathode material for
LIB. MnOx can be prepared by precipitation [24], hydrothermal
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synthesis [25], sol-gel [26] and microwave heating methods [27].
Among various routes to mitigate the inherent problems associ-
ated with LIB anode application, MnOx incorporation into nano-
structured composites with conducting matrix such as carbon could
be one of the most promising approaches [13,15,17]. For large-scale
applications such as ESS and various electrified vehicles, facile and
scalable synthetic methods for MnOx based composite have to be
developed.

Herein we report a facile synthesis strategy in which MnOx nano-
particle formation and carbon gel coating processes are combined in
a one-pot reaction to prepare MnOx/C nanocomposite. This synthe-
sis approach eliminates the conventional processes of separate syn-
thesis of MnOx nanostructures and additional steps of coating or hy-
bridization with carbon. The as-prepared MnO/C nanocomposite
exhibited the reversible capacity of 541mAh g−1 at the current of 100
mA g−1 with a remarkable cycling stability over 100 cycles compared
with unsupported Mn3O4. The MnO/C nanocomposite also showed
much higher rate capability than a commercial graphite anode.

EXPERIMENTAL

1. Synthesis and Characterization of MnOx and MnO/C Nano-
composite

To identify reaction conditions for the formation of manganese
oxides, solution phase synthesis of MnOx was studied first. In a typi-
cal synthesis of manganese oxide nanocrystals (Mn3O4), 10.1 g of
manganese acetate (Mn(CH3COO)2)·4H2O, ≥99%, Sigma-Aldrich)
was dissolved in 14.0 mL of DI water in a glass vial. The mixture
was heated and maintained at 100 oC in an oil bath. NH4OH (28
wt%) solution was added dropwise into the mixture under stirring
to maintain its pH at around 9. A small amount of sample was taken
after various reaction times: 2, 4, 8 and 16 h. Then, manganese
oxide nanocrystals were isolated, washed with DI water and dried
at 80 oC in air overnight. Thus obtained manganese oxides were
further annealed at 300 oC in an Ar flow for 5h [28] and were ana-
lyzed by XRD to identify their crystal structures.

The MnOx/C nanocomposites were prepared via one-pot reac-
tion, in which MnOx nanoparticle formation and their carbon gel
coating processes were combined, followed by thermal annealing.
According to the procedure described above, manganese oxide was
first formed in an aqueous solution at 100 oC for 2 h. During the
reaction, the pH of reaction mixture was maintained at around 8-
9 by stepwise addition of NH4OH solution. After the reaction, the
mixture was cooled to room temperature. Resorcinol and formal-
dehyde were added as the carbon precursor and dissolved in the
mixture for 30 min under stirring. Then, the sealed vial contain-
ing the mixture solution was heated and maintained at 80 oC over-
night to form MnOx/C gel composite. The gel composite was filtered
and washed with DI water until the pH of filtrate solution become
neutral. The washed gel composite was dried at 80 oC overnight
followed by thermal annealing at 700 oC under Ar flow for 2 h to
obtain the MnOx/C nanocomposite.
2. Materials Characterization

The powder XRD patterns of samples were recorded on an Ultima
IV, Rigaku model D/MAX-50 kV system (Cu-Kα radiation, λ=
1.5418 Å). The carbon content in MnOx/C composite was deter-

mined by the weight loss in a TGA run to 800 oC at a ramping
rate of 10 oC min−1 in an air flow. The morphology and structure
of samples were investigated by using SEM (JEOL JSM-35CF oper-
ated at 10.0 kV, JEOL Ltd., Japan) and TEM (JEOL JEM-2010 oper-
ated at 200.0 kV, JEOL Ltd., Japan).
3. Electrochemical Measurements

The electrochemical properties were measured using R-2016 coin
cell with Li foil as the reference electrode. The working electrodes
(35-40 mm thick) were prepared by casting a paste consisting of
80 : 10 : 10 in wt% of active material (Mn3O4 or MnO/C composite
or graphite), conductive additive (Super P Li, TIMCAL Ltd.) and
Poly(vinylidenefluoride) (PVDF) binder, respectively, on a copper
foil. Graphite was tested as a reference anode material in compari-
son to manganese oxide-based materials. The typical coating den-
sity of electrodes was 2-3 mg cm−2. A polypropylene membrane
(Celgard 2400) was used as the separator and 1.0M LiPF6 dissolved
in an ethylene carbonate/dimethyl carbonate/diethyl carbonate
(EC/DMC/DEC) mixture (3 : 4 : 3 v/v/v) (Panax Etech Ltd., Korea)
as the electrolyte. The cells were assembled in an argon-filled glove
box. Cyclic voltammograms were recorded in the voltage range of
3.0-0.01 V vs. Li+/Li at the scan rate of 0.1 mV s−1. The cycling tests
were conducted in the cut-off voltage range of 0.01-3.0 V vs. Li+/Li
on a galvanostat/potentiostat system (WonATech, Korea).

RESULTS AND DISCUSSION

Fig. 1(a) shows the XRD patterns of MnOx crystals obtained at

Fig. 1. XRD patterns of (a) Mn3O4 obtained at different reaction
times of 2, 4, 8 and 16 h, respectively, and (b) MnOx/C before
and after carbonization.
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different reaction time. Under the reaction conditions employed in
this study, all the diffraction peaks of MnOx samples could be indexed
to the tetragonal Mn3O4 structure consistent with the JCPDS data
(no. 24-0734) [15]. The crystallinity of Mn3O4 particles was about
the same for the samples obtained at the time frame of 2-16 h. The
result supports that the tetragonal Mn3O4 particles can be readily
formed at a moderate temperature under slightly basic aqueous
condition. The XRD patterns of MnOx/C composites before and
after carbonization at 700 oC under Ar flow are shown in Fig. 1(b).
The MnOx phase in the as-prepared MnOx/C composite before car-
bonization was found to be mostly Mn3O4 structure, indicating
that the crystal structure of tetragonal Mn3O4 was maintained during
the subsequent carbon gel coating with resorcinol and formalde-
hyde. After carbonization of Mn3O4/carbon gel composite, how-
ever, the XRD peaks assignable to MnO only were observed while
the broad hump between 2θ=12-25o in the Mn3O4/carbon gel de-
creased substantially due to the enhanced ordering of carbon after
carbonization. This result suggests that Mn3O4 is reduced to MnO
possibly by gaseous hydrocarbon by-products and hydrogen released
during carbonization process at high temperature. Similar partial
reductions of transition metal oxides were reported on α-Fe2O3

and Fe3O4 during carbon coating process [11,29].
To determine the carbon content in MnO/C composite, TGA

was run up to 900 oC in air flow. As shown in Fig. 2, carbon burn-

Fig. 2. TGA profile of MnO/C.

Fig. 3. TEM images of Mn3O4 at (a) low and (b) high magnification.

ing starts at 300 oC and completes below 400 oC. In the TGA pro-
file above 400 oC, mass gain is observed due to further oxidation
of MnO. From the mass loss in the 300-400 oC range, the carbon
content was estimated to be 40 wt% and the rest 60 wt% could be
assigned to MnO in the composite.

The structures of Mn3O4 nanoparticles and MnO/C composite
were further investigated with TEM. In the TEM images shown in
Fig. 3, Mn3O4 particles show ellipsoidal-like morphology with rather
large sizes of 100-150 nm. In the high magnification image shown
in Fig. 3(b), the lattice d-spacings of 2.47 and 4.88 Å correspond-
ing to the (211) and (101) planes of Mn3O4, respectively, are iden-
tified. On the other hand, the MnO particles derived from thermal
annealing of Mn3O4/carbon gel are much smaller, 20-50 nm, and
are evenly dispersed in the carbon matrix as shown in the TEM
images in Fig. 4. The reduced size distribution of MnO particles in
MnO/C composite could be due to the physical barrier of carbon
gel network against particle agglomeration during one-pot synthe-
sis. Hence, the synthesis process employed in this study can pro-
vide an efficient method to achieve both the particle growth of tran-
sition metal oxides and its encapsulation in carbon matrix in one-
pot reaction.

The electrochemical responses of Mn3O4 and MnO/C compos-
ite measured by cyclic voltammetry (CV) tests for the initial three
cycles are given in Fig. 5(a) and 5(b), respectively. In the first cathodic
process of Mn3O4 electrode, an intense peak was observed between
0.2 and 0.02 V mainly due to the reduction of Mn3+ and Mn2+ to
Mn0 [21,30]. In the first anodic scan, a small broad peak was ob-
served at 1.15 V corresponding to the oxidation of Mn0 to Mn2+/
Mn3+. In the subsequent cycles, the peak intensity and integrated
area of both cathodic and anodic peaks substantially decreased,
indicating very poor electrochemical reversibility of Mn3O4 [31].
Fig. 5(b) shows the CV profiles of MnO/C composite. In the first
cathodic scan, two reduction peaks were recorded at 0.8 V and 0.15-
0.03 V. The peak at 0.8 V disappeared in the subsequent cycles sug-
gesting irreversible Li+ reaction associated with electrolyte decom-
position forming a solid-electrolyte interface (SEI) layer [13,28].
The spiky peak at 0.15-0.03 V corresponds to the reduction of Mn2+

to Mn0 and the obvious peak was shifted to 0.37 V in the subse-
quent cycles due to electrode polarization caused by phase trans-
formation between polycrystalline MnO and Li2O/Mn nano-domains
as observed in the MnO/C system [21,30]. In the anodic scans, the
oxidation of Mn0 to Mn2+ appeared at 1.2 V. The redox CV profiles
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after the first cycle almost overlapped indicating much improved
electrochemical reversibility of MnO/C compared with Mn3O4 elec-
trode.

The corresponding voltage profiles of Mn3O4 and MnO/C com-
posite obtained by galvanostatic cycling tests are shown in Fig. 5(c)
and 5(d), respectively. In accordance with the CV profiles, the Mn3O4

electrode exhibited a rapid voltage drop followed by a long voltage
plateau at 0.26 V giving a high specific capacity of 1,250 mAh g−1

in the first discharge process (Fig. 5(c)). The first discharge capac-
ity was much higher than the theoretical one of Mn3O4 (936 mAh
g−1) estimated from the electrochemical conversion reaction (5) above
possibly due to the well known interfacial lithium storage in the

Fig. 4. TEM images of MnO/C nanocomposite; (a), (c) and (d) are bright-field images and (b) is a dark-field image of (a).

Fig. 5. Cyclic voltammograms of (a) Mn3O4 and (b) MnO/C at a scan rate of 0.1 mV s−1, and discharge/charge voltage profiles of (c) Mn3O4
and (d) MnO/C at the current of 100 mA g−1.
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Mn and Li2O nano-grain boundaries [20,32] corresponding to the
sloping voltage profile in the range of 0.2-0.01 V. However, the first
charge capacity was only 380 mAh g−1 giving the Coulombic effi-
ciency (CE) of 30.4%. Even in the subsequent cycles, the Mn3O4

electrode delivered the reversible capacity below 300 mAh g−1. Both
the low initial CE and low reversible capacity of Mn3O4 could be
ascribed to the low intrinsic conductivity of Mn3O4 electrode and
electrode pulverization caused by relatively large volume change
during the conversion reaction process [31,33]. Fig. 5(d) shows the
voltage profile for MnO/C composite. In the first discharge pro-
cess, the voltage dropped rapidly down to 0.95 V followed by two
plateaus at 0.95-0.33 V and 0.33-0.01 V corresponding to the SEI
formation and Mn2+ reduction to Mn0 as observed in the CV curve
in Fig. 5(b). The voltage plateau at around 0.3V in the first discharge
curve was shifted to 0.6V in the second cycle due to electrode polar-
ization caused by irreversible phase transformation between crys-
talline MnO and Li2O/Mn0 [30]. The first discharge and charge
capacities were 920 and 541 mAh g−1, respectively, giving the first
CE of 58.8%. The reversible capacity of 541 mAh g−1 for MnO/C
composite is close to its theoretical capacity estimated by taking into
account its MnO content as follows: 754 mAh g−1 (MnO capacity)×
0.6+200 mAh g−1 (amorphous RF carbon capacity)×0.4=534 mAh
g−1.

Fig. 6 shows the cycling performances of Mn3O4 and MnO/C
electrodes at the current of 100 or 200 mA g−1. The MnO/C com-
posite showed excellent cycling stability up to 103 cycles while the
Mn3O4 electrode lost most of the capacity in 10 cycles. As evidenced
in the TEM images of MnO/C composite in Fig. 4, MnO nano-
crystals of 20-50 nm in diameter are well dispersed and encapsu-
lated in carbon matrix. The unique nanostructure of MnO/C com-
posite can provide conductive pathways in the electrode and effi-
ciently absorb mechanical stresses associated with the volume changes
of conversion reaction (2) above, which resulted in a superior cycling
stability. Note that the capacity of MnO/C at 100 mA g−1 gradually
increased with cycle number after about 50 cycles in agreement
with other reports [20,34,35]. The origin was suggested to be related
to the formation of high oxidation state products [20] or the revers-
ible growth of a polymeric gel-like film caused by kinetically acti-
vated electrolyte degradation [35].

Finally, the rate capability of MnO/C composite was measured
in comparison to that of commercial graphite anode at different
current from 100 to 2,000 mA g−1. Fig. 7(a) shows the relative charge
capacity retentions of both MnO/C composite and graphite anodes
at different current density to their base capacities at 100 mA g−1.
The currents for both charge and discharge cycles are varied at the
same time. The capacity retentions for MnO/C anode were 90, 60
and 35% while those for graphite were 78, 33 and 17% on average
at the currents of 200, 500 and 1,000 mA g−1, respectively. Hence,
the MnO/C possesses much higher rate capability than a commer-
cial graphite anode. When the current was returned back to 100 mA
g−1, the capacity of MnO/C was completely restored after 45 cycles,
indicating its excellent electrochemical reversibility. At relatively
high currents of 1,000 and 2,000 mA g−1, the capacity retentions
were below 40%, suggesting relatively poor electrochemical con-
version kinetics. To further test the discharge power capability of
MnO/C, the discharge currents were varied over the range of 100-
2,000 mA g−1 at the fixed charge current of 100 mA g−1, the capacity
retentions were as high as over 60% even at 2,000 mA g−1 as shown
in Fig. 7(b), indicating a high discharge rate capability of MnO/C
composite.

CONCLUSIONS

A facile synthesis strategy in which manganese oxide nanopar-
ticle formation and carbon gel coating processes are combined in

Fig. 6. Cycling performances of Mn3O4 and MnO/C at the cut-off
voltage range of 0.01-3.0 V for 103 cycles (current is fixed at
100 mA g−1 for initial three cycles).

Fig. 7. (a) Comparison of rate responses of MnO/C and graphite
when both charge and discharge currents are varied at the
same time in the range of 100-2,000 mA g−1, and (b) rate re-
sponse of MnO/C at various discharge currents with a fixed
charge current at 100 mA g−1.



MnO/C nanocomposite prepared by one-pot hydrothermal reaction for high performance lithium-ion battery anodes 183

Korean J. Chem. Eng.(Vol. 32, No. 1)

a one-pot reaction was successfully demonstrated to prepare MnO/
C nanocomposite. This synthesis approach eliminates the conven-
tional processes of separate synthesis of manganese oxide nano-
structures and additional steps of coating or hybridization with car-
bon. The as-prepared Mn3O4-carbon gel was converted into MnO/
C (60 wt% MnO) composite in which 20-50 nm MnO nanoparti-
cles were highly dispersed and encapsulated in carbon matrix after
carbonization process. Thus obtained MnO/C composite exhib-
ited the reversible capacity of 541 mAh g−1 at 100 mA g−1 with an
excellent cycling stability up to 103 cycles. The MnO/C nanocom-
posite also showed much higher rate capability than a commer-
cial graphite anode and delivered a discharge capacity around 300
mAh g−1 at the current as high as 2,000 mA g−1. The MnO/C com-
posite based on low cost materials and facile synthetic process could
be an attractive candidate for large-scale energy storage applications.
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