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Abstract MnC,0,/graphene composites are prepared by a
facile hydrothermal reaction with KMnOy using ascorbic acid
as a reducing agent. Olive-like MnC,0, particles are distrib-
uted uniformly on the surface of graphene sheets. The com-
posites are evaluated as supercapacitor electrodes, which
show that the specific capacitance of MnC,0,4/graphene com-
posites is 122 F g !, more than twice as high as that of free
MnC,0y, at a current density of 0.5 A g'. In addition, this
composite material exhibits an excellent cycle stability with
the capacitance retention of 94.3 % after 1,000 cycles.

Keywords Supercapacitor - Hydrothermal - Graphene -
Manganese oxalate - Composites

Introduction

The increasing demand for clean and sustainable energy has
driven intensive researches toward the development of energy
storage devices. Supercapacitors have attracted much atten-
tion due to their excellent properties, such as high power
density, long cycle life, and fast charge—discharge rates [1-3].

Recently, the development of graphene-based materials for
application as supercapacitive materials attracts much atten-
tion. Graphene, a carbon material with one-atom-thick layer
2D structure, exhibits a potential application for establishing
a mixed conducting network to improve electrochemical
performance of pseudocapacitive materials such as Coz0,
[4, 5], MnO, [6, 7], and NiO [8, 9], due to its extraordinary
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electrical and chemical stability and high surface-to-volume
ratio. Moreover, the interleaved network of graphene can
hinder the agglomeration of metal oxides dispersed on the
surface of graphene. Importantly, the results obtained from
these composite materials as supercapacitive materials dem-
onstrate that graphene can enhance the capacitance and rate
capability of metal oxides electrodes efficiently.

Anhydrous or hydrated manganese (II) oxalates are widely
used as the precursors to produce nanoparticles of manganese
oxides, which have extensive applications in the fields of
magnetic materials, sorbents, and catalyst. Ahmad et al. [10]
reported that the manganese oxalate precursor was used to
synthesize single-phase nanoparticles of various manganese
oxides such as MnO, Mn,03, and Mn;O,4 under specific
reaction conditions. In addition, Nikumbh [11] studied on
thermal and electrical properties of manganese oxalate dehy-
drate, indicating that the final products of decomposition in
static air and dynamic air were Mn;0,4 for MnC,0, - 2H,0.

Despite the physical and chemical properties of manganese
oxalates have been widely researched, electrochemical perfor-
mance of this metal oxalate compound is rarely reported.
Herein, we report a facile approach to prepare olive-like
MnC,0, particles by a hydrothermal reaction from KMnOQOy,
using ascorbic acid (AA) as a reducing agent. Moreover, to
enhance the capacitance of MnC,QO,, the particles are dis-
persed on the surface of graphene sheets. The supercapacitive
properties of the as-prepared MnC,0,/graphene composite
are discussed in this paper, which shows greatly potential
performance.

Experimental
Synthesis of samples
All the reagents used in the work were of analytical grade.

Graphene oxide (GO) was prepared from graphite powder by
the modified Hummers method [12]. An appropriate amount
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of GO was treated upon microwave irradiation to obtain
graphene. The microwave oven (Galanz WD900B) was first
operated at the power of 720 W, 2,450 MHz for 60 s, and then
60 s at the power of 540 W. During this process, microwave
assisted exfoliation and reduction of GO, which avoided using
toxic hydrazine hydrate; 0.02 g graphene was dispersed in
20 mL of deionized water, and then, 0.2 g KMnO,4 was added
into this suspension. Subsequently, 0.2 g AA was dispersed in
20 mL of deionized water and then added into the above
solution under continuous stirring. The suspension was then
transferred to a Teflon-lined autoclave and heated at 120 °C
for 12 h. Finally, the precipitate was separated by centrifuga-
tion and then washed and dried. For comparison, free
MnC,0,4 was also prepared with the same procedure as de-
scribed above in the absence of graphene.

Materials characterization

X-ray diffraction (XRD) patterns were conducted on the
D/Max-2500/PC X-ray diffractometer (Rigaku, Japan) with
Cu Ko radiation (A=0.15406 nm) under a voltage of 40 kV
and a current of 100 mA. Raman spectrum was recorded with
the Raman Station 400F (Perkin-Elmer). Morphologies of the
samples were studied with scanning electron microscopy
(SEM) (S-4800, Hitachi, Japan). Thermogravimetric analysis
(TGA) was performed with the DTG-60A thermal analysis
system (Shimadzu, Japan) from 30 to 900 °C at a heating rate
of 10 °C min™" under air atmosphere.

Preparation of electrodes

Working electrodes were fabricated as follows [13]: firstly,
the as-prepared electrode material, acetylene black, and
poly(tetrafluoroethylene) (PTFE) were mixed in a weight ratio
of 80:15:5, and absolute alcohol was used as the solvent to
form a homogeneous paste. Acetylene black and PTFE were
used as the conductive agent and binder, respectively. Then,
the mixture was pressed into the nickel foam (1.0 cmx 1.0 cm)
under a pressure of 2.0 MPa. Finally, the fabricated electrodes
were dried at 60 °C for 12 h in a vacuum oven.

Electrochemical measurements

Electrochemical measurements were performed under a
three-electrode system. The MnC,O,4/graphene composite, ac-
tivated carbon, and Hg/HgO were used as the working, coun-
ter, and reference electrodes, respectively; 6 M KOH aqueous
solution was used as the electrolyte. All the tests were con-
ducted at ambient temperature. Galvanostatic charge/discharge
curves were carried out using the NEware autocycler in the
potential range from —0.1 to 0.55 V. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were per-
formed on the CHI 660A electrochemical workstation. CV
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tests were measured between —0.1 and 0.55 V, and EIS mea-
surement was conducted in the frequency range from 100 kHz
to 0.01 Hz at the open circuit potential with the amplitude of
SmV.

Results and discussion

Ascorbic acid may reduce MnO,4 at ambient temperature;
however, the product is MnO, [14]. Under the hydrothermal
condition, MnO, will be reduced further. In the end, MnC,04
is generated at appropriate temperature and pressure.
Consequently, the nanostructure of the product changes with
the reaction condition.

The morphology of the as-prepared material is shown in
Fig. 1. Figure la, b shows SEM images at different magnifi-
cations. The SEM image of MnC,0O4/graphene composite
shows that graphene sheets possess a nanoporous structure
with wrinkled and transparent carbon nanosheets, which en-
ables efficient transport of electrons and ions. Moreover,
manganese oxalate particles with olive-like morphology can
be observed clearly, which are distributed uniformly on the
surface of graphene sheets. Interestingly, Fig. 1b indicates that
manganese oxalate particles can be wrapped by graphene
sheets.

Figure 2a shows the XRD pattern of the composite, which
reveals that the major phase of this composite material corre-
sponds to crystalline MnC,O4 - 2H,O (JCPDS 25-0544), and
the sharp peaks indicate good crystallinity. The interatomic
distance of MnC,0, - 2H,0 of the (112), (—=131), (—402) and
(200) are 2.661, 1.842, 2,998, and 4.715 A, respectively. The
crystalline size in the (112) diffraction of MnC,0, particles
within the composite material estimated according to the
Debye—Scherrer equation is 55.56 nm. Raman spectrum
of MnC,04/graphene composite is shown in Fig. 2b.
Characteristic bands of D and G from graphene are observed.
The D band near 1,330 cm ! represents the breathing mode of
k-point phonons of 4,, symmetry, which is caused by the
defects and disorder in the hexagonal graphitic layers. The G
band near 1,590 cm™ ' represents the in-plane vibration of the
sp® carbon atoms (the £ 2¢ phonons) [15]. A broad 2D band
near 2,650 cm ! is visible, owing to phonons scattering at zone
boundary. Besides the carbon peaks, some minor peaks be-
tween 300 and 700 cm ! are attributed to MnC,0,4. The
intensity ratio of D band and G band (/p/lg) is 1.40. The
relatively high value indicates the existence of many carbon
disorders or defects, which could be useful to store an extra
number of electrons [16].

TG-DTA curves were used to analyze the thermal behav-
iors of the composite (Fig. 3a). In general, the TGA curve
shows two-step weight loss process. The first step indicates a
15 % weight loss upon heating from 30 to 150 °C, which is
accompanied by a sharp endothermic peak at approximately



Ionics (2014) 20:145-149

147

Fig. 1 SEM images of the
composite

150 °C, indicating the removal of crystal water. Subsequently,
a weight loss about 35 % occurs in the temperature range of
280 to 400 °C. A sharp exothermic peak at 300 °C is attributed
to the decomposition of MnC,0, into Mn,Oj in the air, and a
broad exothermic peak is observed at 350 °C, corresponding
to the oxidation of graphene into CO, then escaped from the
system [17]. Then, the weight is tending towards stability until
900 °C. The residues are mainly composed of Mn,O3. The
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Fig. 2 a XRD patterns of the composite. b Raman spectrum of the
composite

mass ratio of MnC,O, to graphene in the composite estimated
from the TGA curves (Fig. 3b) is 96:4.
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Fig.3 a TG-DTA curves of the composite. b TGA curves of graphene,
MnC,0,, and MnC,0,4/graphene composite
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The electrochemical properties of MnC,0,4/graphene com-
posite were further evaluated. Figure 4a illustrates CV curves
of the composite in 6 M KOH electrolyte at various scan rates
from 2 to 50 mV s~ '. One pair of redox peaks is observed,
corresponding to the redox reaction of Mn”*/MnOOH, which
indicates that the composite has a pseudocapacitance capabil-
ity. Figure 4b shows galvanostatic charge—discharge curves of
MnC,0,4 and MnC,0,4/graphene composite at a current den-
sity of 0.5 A g '. Both the charge—discharge curves show an
approximately linear and symmetric triangular shape, which
suggests good capacitive performance and reversible Faradic
reaction. The charge—discharge efficiency of the composite
obtained from the curve is 89.2 %. The increase of the dis-
charge time indicates the higher capacitance of the composite
than free MnC,0,4. The specific capacitance could be calcu-
lated according the following formula:

Cop =

m- AV (1)

where i is the constant current (ampere), ¢ is discharge time
(second), m is mass of active material, and AV is total poten-
tial deviation (volt). The specific capacitance of the composite
is 122 F g ' (based on the overall mass), which is more than

twice as high as that of free MnC,04 (53 F g ). The value is
comparable to composites of other manganese oxides com-
bined with graphene, such as Mn;O4 and MnOOH [18, 19]. It
could be attributed to the synergistic effect of MnC,0, and
graphene. Wrinkled graphene sheets overlapped with each
other and formed a lot of pores, which will provide effective
diffusion channels for electrolyte ions (OH ). Moreover,
graphene sheets served as substrates in the composites have
offered an excellent electrical conductivity [20]. According to
the preceding analysis, the mass content of graphene in the
composite is so low, but the specific capacitance of the com-
posite has been greatly improved. So, there is still a great
potential for its future development. Nyquist plots of the
composite are shown in Fig. 4c. The equivalent circuit of
EIS is given in the inset of Fig. 4c, where R is the solution
resistance, Cy; is the double layer capacitance, R is the
charge transfer resistance, Z,, represents the Warburg resis-
tance, and C is the limit capacitance. The internal resistance
represented by the x-intercept is very small, approximately
0.6 €. The semicircle at the high-frequency region is also
inconspicuous, which means that charge transfer resistance
between the electrode surface and electrolyte is lower. Addi-
tionally, the line at the low-frequency region of the composite
is almost vertical, indicating an ideal capacitive behavior [21].
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The cycle stability of the composite is examined at a current
density of 0.5 A g ' over 1,000 cycles. As shown in Fig. 4d,
the specific capacitance of the MnC,04/graphene composite
has an increase of about 15 % at the first 300 cycles (from 106
to 122 F g ). Even after 1,000 cycles, the composite still
maintains 94.3 % of its maximum value (from 122 - to
115 F g "), which is better than free MnC,0, (81.1 %, from
53 -t043 F g ). The better stability of the composite is due to
fact that graphene sheets with high conductivity have promot-
ed fast Faradaic charge and discharge of manganese oxalate
particles. Additionally, the initial increase of capacitance
could be explained that active materials have not been fully
utilized at the initial stage. After repetitive charge—discharge
cycling, the active sites inside the nickel foam are fully ex-
posed to the electrolyte [13].

Conclusions

In summary, we synthesized composites of manganese
oxalate on graphene sheets by a mild method. MnC,04
has olive-like morphology and is distributed uniformly
on the surface of graphene sheets. For the study of their
application in supercapacitors as electrode materials, the
MnC,0,/graphene composite exhibits higher capacitance and
longer cycle life than free MnC,0,. It is due to the special
structure of the composite and synergistic effects between
manganese oxalate and graphene. The results have laid the
foundation for our further study based on manganese oxalate.
Simultaneously, it would be promising for the development of
manganese compounds besides usual manganese oxides as
electrode materials for supercapacitors.
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