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Mn,; O, nanoparticle/graphene sheet (GM) composites were synthesized via a one-pot and low-cost solvothermal process in an
ethanol solution. The as-prepared materials were characterized by X-ray diffraction, field emission scanning electron microscopy,
and transmission electron microscopy. Results showed that the nanosized Mn,O, particles had tetragonal hausmannite structure
and were successfully loaded on the graphene sheets. Moreover, the electrochemical performances of GM composites produced
by different mass percents of Mn>*/graphite oxide (GO) were evaluated by means of cyclic voltammetry and galvanostatic charge-
discharge studies. The composite prepared with Mn**/GO mass percent of 10 : 90 showed a high specific capacitance of 245 F/g at
5mV/s in the 6 M KOH solution and better long-term stability along with 81% of its initial capacitance after 1200 cycles at 0.5 A/g.

1. Introduction

Supercapacitors (SCs) are considered as promising candi-
dates for energy storage due to simple principle, long cyclic
life, and quick charging/discharging [1]. Based on their dif-
ferent charge-storage mechanisms, SCs can be classified into
the electrochemical double-layer capacitors (EDLCs) and
redox capacitors [2]. In contrast to EDLCs, redox capacitors
can obtain much higher capacitance values [3], because the
faradaic processes occur both on the surface and in the bulk
near the surface of the solid electrode. Therefore, considerable
effort has been made on the field of redox capacitors.

The electrode materials of redox capacitors usually have
two types: metal oxides and conducting polymers, of which
the former can exhibit better electrochemical stability than
the latter [4]. In general, the metal oxides applied for SCs
include RuO, [5], IrO, [6], MnO, [7], Mn,0, [8], Co;0,
[9], NiO [10], and MoO [11]. Among them, Mn;0, is seen
to be a potential electrode material for SCs owning to its
low toxicity, low price, and a very high theoretical capacity
[12]. But Mn;O, also has the same defects as other metal
oxides for electrode materials like the low surface area,
the poor electrical conductivity, and the cycling stability

[13]. Hence, many researchers have adopted a supporting
strategy, by which Mn;O, can be dispersed over a large
area and excellent conductivity of carbon-based materials
such as carbon nanotube [14, 15], mesoporous carbon [16],
carbon fiber [17], and carbon coating [18]. The introduc-
tion of these supports not only ensures high utilization of
Mn; O, but also assists electron transfer effectively. Therefore,
these composites containing Mn;O, and carbon materials
exhibit obviously improved electrochemical performances,
compared with the bare Mn;O,.

Relative to the above these matrix materials, graphene
has displayed more outstanding properties such as a faster
electron mobility (>15,000 cm?/V-s) [19] and larger surface
area (2675 mz/g) [20], so there are a variety of synthetic
methods applied for preparing Mn,O,/graphene compos-
ites as the supercapacitor electrode materials, for example,
sonochemical method [21], hydrothermal or solvothermal
routes [22-24], chemical synthesis method [25], oxidation
method [26], atom-economic method [27] and microwave-
assisted hydrothermal synthesis route [28], and so forth. In
these methods, the solvothermal route requires noncomplex
apparatus and simple operation, employed at low temperature
(<423 K). The method has also been an effective technique
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TaBLE 1: Synthesized conditions and electrochemical performances of Mn,O,/graphene composites prepared by hydrothermal or

solvothermal routes in published literatures.

Potential window

Basic synthesis information Electrolyte

Maximum specific

Current loador scan rate Reference

(V) capacitance (F/g)
Graphene sheets + KMnO, + 0310 0.7
H,O + ethylene glycol, 1M Na,SO, (Ag/Ag Cl) 5mV/s 120 (3-electrode) [22]
solvothermal 393K for 4 h /48
GO + Mn(CH,C00,)-4H,0 021008
+ ethanol + H,0, 1M Na,SO, (SCE) 5mV/s 225 (3-electrode) (23]
solvothermal 453K for 11h
GO + KMnO, + H,0 + _
hydrazine hydrate, 1M Na,SO, O(éé%;) 8 0.1A/g 171 (3-electrode) [24]
hydrothermal 453 K for 6 h
GO + Mn(CH,C00,)-4H,0 021008
+ dimethyl sulfoxide 1M Na,SO, (SCE) 0.1A/g 147 (3-electrode) [29]

solvothermal 393 K for 24 h

to prepare Mn;O, nanoparticles with controllable size and
shape by properly choosing the temperature or reaction
time or solvent. The solvents for preparing Mn;O, with
solvothermal treatment often are dimethyl sulfoxide [29],
methyl alcohol [30], ethylenediamine and ethylene glycol
[31], N,N'—dimethylformamide [32], and so forth. In contrast
to these solvents, ethanol is becoming a competitive solvent
component in the synthesis of Mn;O, nanoparticles and
reduction of graphite oxide (GO) to graphene due to its low
price and nontoxicity [33].

Table1 listed the compiled information of Mn;O,/
graphene composites prepared by hydrothermal or solvother-
mal routes in currently published literatures. The electro-
chemical performances of composites changed in a wide
range because of their different synthesized conditions. Here
we will report an approach to produce Mn;O, nanoparti-
cle/graphene sheet (GM) composites directly from GO and
manganese acetate tetrahydrate in the ethanol solution under
solvothermal condition. The effects of different mass percent
of Mn**/GO on the electrochemical performances of as-
prepared GM composites were investigated. Meantime, the
structure and morphology characteristics of GM composites
were studied.

2. Experimental

2.1. Solvothermal Synthesis of the GM Composites. GO was
synthesized by a modification of the Hummers method [34].
Concentrated H,SO, (70 mL) was added in the mixture
of Flake graphite (FG) powder (3.0g, 25um with purity
>9.9 wt%) and NaNOj; (1.5 g) in the flask, then cooled on an
ice bath, and stirred for 30 min. KMnO, (9.0 g) was gradually
added into the solution and its temperature was controlled
under 293 K. After stirring for 2 h in the ice bath, the mixture
was transferred into the water bath and kept at 308 K for 1h.
The water (140 mL) was followed to add into the mixture and
caused its temperature slowly up to 371K, maintaining at the
temperature for 1 h. Then, the mixture was put into 420 mL
warm water (323 K) and treated with 30 mL of 30 wt% H,O,.
Finally, the solid mixture was separated by the filtration and

high-speed centrifugation (8000 Rpm), washed with 5 wt%
HCl solution and water, respectively, and dried in vacuum at
323K for 96 h.

GO (50 mg) was dispersed in ethanol (60 mL) by soni-
cation for 3 h; then the Mn(CH;COO),-4H,O powder was
added into the solution according to Mn**/GO mass percent
of 5:95, 10:90, 20:80, 30:70, 40:60, 50:50, and 75:25,
respectively, and continued to ultrasonic dispersal for 1 h. The
obtained suspension was sealed into a teflon-lined autoclave
(100 mL) and heated at 473 K for 10 h. The last products were
filtered, washed with ethanol, and dried in vacuum at 323K
for 24 h. For comparison, pure Mn;O, and graphene sheets
(GS) were produced by the above method.

2.2. Materials Characterizations. X-ray diffraction (XRD)
patterns of samples were investigated on a Rigaku D/MAX-
RB X-ray diffractometer (Cu K« radiation A = 0. 15406 nm).
X-ray photoelectron spectra (XPS) were obtained with a
PHI 5700 ESCA System under Al K« radiation (1486.6 eV).
Raman spectra were recorded by a Jobin Yvon HR800
Raman spectrometer at 458 nm. The morphologies of sam-
ples were observed by a field emission scanning electron
microscopy (FESEM, Quanta 200F, FEI), transmission elec-
tron microscopy (TEM), high resolution transmission elec-
tron microscopy (HRTEM), and the corresponding selected
area diffraction (SAED) pattern by a Tecnai F20 (FEI) at an
accelerating voltage of 200 kV. The element compositions of
samples were analyzed by an energy dispersive spectrometer
(EDS, EDAX Inc.). Carbon-coated copper grids were used as
the sample holders.

2.3. Preparation of Electrodes. The working electrodes were
prepared by mixing 80 wt% of as-prepared electrode mate-
rials, 10 wt% of carbon black, and 10 wt% of polyvinylidene
fluoride as a binder. N-Methyl-pyrrolidone was added to
the mixture as the solvent to get homogeneous slurry. Then,
the slurry was pasted onto nickel foam current collectors
(1cm?), followed by drying in vacuum at 373 K for 24 h. Each
electrode contained about 8 mg of active material. Activated
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F1GURE 1: XRD patterns of GS, Mn;O, and GM composite prepared with Mn**/GO mass percent of 50 : 50.

carbon electrodes were prepared as the counter electrode by
the above technique.

2.4. Electrochemical Measurements. Supercapacitive proper-
ties of as-prepared materials were measured, using three-
electrode system with the working electrode, counter elec-
trode, and Hg/HgO electrode as the reference electrode in the
6 M KOH solution at room temperature. CV was investigated
on a CHI 604B electrochemical workstation (CHI, Shanghai,
China) and GCD curves were tested by a Neware battery
testing workstation (Neware, Shenzhen, China).

3. Result and Discussion

3.1. Structures. Figure 1 shows XRD patterns of GS, Mn;0,
nanoparticles and GM composite prepared with Mn**/GO
mass percent of 50 : 50. The Bragg (002) peak of GS exhibits a
broad peak at 23.67° with d-spacing of 3.58 A and is larger

than the d-spacing (3.36 A) of FG (20 = 26.56°), due to
forming the disordered layer stacking of GS with a few resid-
ual oxygen functional groups [35]. From the XRD pattern
of Mn;0, nanoparticles, the peaks of 18.07°, 28.92°, 31.07°,
32.32°, 36.07°, 38.12°, 44.47°, 49.92°, 50.97°, 53.92°, 53.97°,
56.12°, 58.47°, 59.82” and 72.74" are in good accordance with
the standard values of tetragonal hausmannite (JCPDS 24-
0734) [36]. It can also be seen that the XRD data of GM
composite possess both the (002) peak of GS and the peaks
of pure Mn;0,. In addition, no peaks corresponding to
impurities are found, implying that GM composite produced
by solvothermal synthesis is of high purity.

Figure 2(a) displays that the Cls XPS spectrum of GO
has an asymmetric photoelectron peak, but the spectrum
(Figure 2(b)) of GM composite prepared with Mn**/GO
mass percent of 50:50 has only single peak. The Cls peaks
of GO and GM composite can be further deconvoluted
in four peaks assigned to carbon atoms in different func-
tional groups: C-C/C=C in aromatic rings (~284.6 eV), C-O
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FIGURE 2: XPS spectra of (a) Cls region of GO and (b) Cls region, (c) survey scan, and (d) Mn2p region of GM composite prepared with

Mn**/GO mass percent of 50 : 50.

(hydroxyl and epoxy, ~286.5 eV), C=0 (carbonyl, ~287.8 V),
and O-C=0 (carboxyl, ~289.0 eV) [37]. Compared with these
peaks of GO, the peak intensities of C-O, C=0, and O-C=0
groups of GM composite become smaller, and the C/O atomic
ratio increases from 2.96 (GO) to 9.28 (GM composite). This
indicates that most oxygen-containing groups of GO can be
removed and its 7-bonding restored to obtain GS through
solvothermal reaction.

The XPS measurement of GM composite was carried
out in the survey range (0-1400eV). The survey spectrum
(Figure 4(c)) shows that the energy locations of Mn3s,
Mn2p, Mn3p, Cls, C2s, and Ols are matched very well with
the values reported in the handbook [38]. In the Mn2p
region (Figure 4(d)), the binding energy values of Mn2p;,,
and Mn2p,,, are 64122 and 653.10 eV, respectively. The
splitting width of spin orbit is 11.88 eV, approaching the
previously reported value of Mn;O, [39]. This exhibits that

the solvothermal strategy is an efficient way to prepare GM
composite in the ethanol solution.

Raman spectra (Figure 3) show two prominent peaks (D
and G bands) of GO at about 1361 and 1594 cm™" respectively,
and a typically sharp peak of Mn;O, at 651cm™" [40, 41].
The G band corresponds to the first order scattering of
the E,, phonon of C sp” atoms, while D band is due to
a breathing mode of x-point phonons of A;, symmetry
[42]. In the Raman spectroscopy of as-prepared composite,
there are three peaks at around 649, 1356, and 1590 cm ™,
respectively and its D/G intensity is higher than that of GO.
The increased intensity value may be explained that some
oxygen atoms are eliminated to generate more defects [43]
and a great deal of smaller graphitic domains formed during
the reduction of exfoliated GO [44]. These results further
testify that GM composite can be obtained with one-pot
solvothermal method.
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FIGURE 3: Raman spectra of GO, Mn;O, and GM composite prepared with Mn**/GO mass percent of 50:50. Numbers in the bracket
represent the D/G intensity ratio of GO and GM composite.

FIGURE 4: FESEM images of GS (a) and GM composite (b) prepared with Mn*"/GO mass percent of 50 : 50.
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FIGURE 5: (a) TEM image and (b) HRTEM image of GS. The inset is the corresponding SAED pattern. TEM images of GM composite prepared
with Mn**/GO mass percent of 50: 50 (c, €) and 10: 90 (d, f). EDS images of GM composites prepared with Mn>"/GO mass percent of 50 : 50

(g) and 10: 90 (h).

3.2. Morphologies. FESEM images (Figure 4(a)) of GS pro-
duced at 473 K by solvothermal synthesis displays an isolated,
crumpled, and very thin flake. In addition, Figure 4(b)
shows that nanosized Mn;0, particles agglomerating each
other are dispersed on the surface of GS. The agglomerated
nanoparticles may restrict the electrochemical activity of GM
composite.

TEM image (Figure 5(a)) shows that GS at 473K are
a mixture of transparent, curled, few-layer graphene (2-
5 layers). The result has also been confirmed by ana-
lyzing the folded structure of its edges in the HRTEM

image (Figure 5(b)). The corresponding SAED pattern clearly
exhibits the typical sixfold symmetry diffraction pattern
of a folding graphene layer or two overlapping graphene
layers, which is consistent with the result of [45]. TEM
image (Figures 5(c) and 5(e)) of GM composite prepared
with Mn**/GO mass percent of 50:50 displays the severe
agglomeration of Mn; O, nanoparticles loaded on the surface
of GS. Then, TEM image (Figures 5(d) and 5(f)) of compos-
ite prepared with Mn**/GO mass percent of 10:90 shows
Mn;O, nanoparticles are scattered on the surface of GS,
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ensuring good electrical contracts between GS and Mn;O,
nanoparticles. Based on the TEM images (insetted in Figures
5(c) and 5(d)) of GM composites prepared with Mn?*/GO
mass percent of 50:50 and 10: 90, respectively, EDS spectra
(Figures 5(g) and 5(h)) present the only strong peak signals
of manganese, carbon, and oxygen elements, components of
the GM composite.

3.3. Electrochemical Performances. Figure 6(a) shows the CV
curves of GM composites prepared with different mass
percent of Mn**/GO. All curves have two pairs of redox peaks
in the potential range from —0.95 to 0.05V at a scan rate
of 5mV/s. This indicates that the pseudocapacitances can
be obtained by the redox transitions of interfacial oxidation
species at different oxidation states of Mn (7) and Mn (7) of
GM composites. The mechanism may be explained with the
following Faradaic reactions [46, 47]:

3Mn (OH), + 20H ! < Mn,0, - 2H,0 + 2e + 2H,0 (1)

Mn,0, - 2H,0 + OH™' < 2MnOOH + Mn (OH); + ¢ (2)

In these two equations, (1) accounts for the redox reac-
tions at the anodic and cathodic peaks 1, while (2) is for
the anodic and cathodic peaks 2. It should also be observed
that the capacitive current responses increase with decreasing
the Mn®"/GO mass percent. The specific capacitances of GM
composites prepared with Mn**/GO mass percent of 10 : 90,
20:80, 30:70, 40:60, 50:50, and 75:25 can be calculated
using (3), where I is the voltammetric current (A), m is
the mass of the active materials in electrode (g), AV is the
potential window (V), and r is the scan rate (V/s). As a

result, their values are 244.78, 174.04, 159.01, 142.89, 136.28,
and 55.37 F/g, respectively,

~ [1(V)adv

PomxAV xr

3)

The rate performances (Figure 6(b)) of GM composites
prepared with different mass percent of Mn**/GO have been
studied by means of GCD technique. These electrodes are
continued 20 cycles at each of the current densities (0.1, 0.2,
0.3, 0.4, and 0.5 A/g) and then brought back to 0.1 A/g in the
reverse order to run another 20 cycles. It should be noted that
the less Mn(CH;COO),-4H,0O powder is added, the higher
the specific capacitance of the as-prepared GM composite is.
The result is consistent with that deduced from the CV tests.

Figure 6(b) shows that the specific capacitance of GM
composite prepared with Mn**/GO mass percent of 10:90
is nearly three times higher than that of GM composite
prepared with Mn**/GO mass percent of 75:25 at 0.1 A/g.
The capacitance retention rates of GM composites prepared
with Mn®"/GO mass percent of 10 : 90, 20 : 80, 30 : 70, 40 : 60,
50:50,and 75: 25 are 71.02%, 63.00%, 46.16%, 47.10%, 49.74%,
and 41.82% at 0.5 A/g, respectively. The results illustrate that
the decrease of Mn**/GO mass percent may help to enhance
the capacity and rate performance of GM composite.

This is because GM composites can provide higher
specific capacitance and display better rate capability mainly
through fast and effective charge transfer in the electrode.
Combined with the TEM images (Figures 5(c) and 5(d))
of GM composites, the Mn;O, nanoparticles loaded on the
surface of GS are found to agglomerate easily with an increase
of the mass percent of Mn**/GO. The agglomeration of
Mn;0O, nanoparticles greatly increases interparticle resis-
tance of the electron pathways and hinders the interfacial
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FIGURE 7: (a) CV curves and (b) GCD curves of GM composites prepared with Mn?*/GO mass percent of 10:90 and 5:95, (c) CV curve
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Journal of Nanomaterials

contact between Mn;O, nanoparticles and GS, resulting in
limited electrochemical utilization of Mn;O,. Hence, the GM
composite prepared with Mn**/GO mass percent of 10:90
can exhibit the best electrochemical performance.

From the CV curves (Figure7(a)) and GCD curves
(Figure 7(b)) analysis, the specific capacitance obtained by
GM composite prepared with Mn?*/GO mass percent of
10:90 is higher than that by GM composite prepared with
Mn?*/GO mass percent of 5:95. Figure 7(c) shows the CV
curve of GS obtained by solvothermal reduction of GO
at 473 K, which is quasi-rectangular shape without obvious
redox peaks, indicating the ideal capacitive behavior of GS. By
(3) calculations, the specific capacitances of GM composites
prepared with Mn**/GO mass percent of 10:90 and 5:95
and GS are 244.78, 179.74, and 139.45 F/g at 5mV/s, respec-
tively. Moreover, the specific capacitances of GM composites
prepared with Mn**/GO mass percent of 10:90 and 5:95
and GS as the functions of cycle number are presented in
Figure 7(d). It can be observed that the specific capacitance
of GM composite prepared with Mn**/GO mass percent of
10: 90 is the largest while the specific capacitance of GS is the
least. This further indicates that the contribution of Mn;0,
electrochemical reactions to the total specific capacitance
is predominant. GM composite prepared with Mn*"/GO
mass percent of 10:90 can provide more electroactive sites
for redox reactions than that obtained by GM composite
prepared with Mn**/GO mass percent of 5 : 95, so the optimal
mass percent of Mn>*/GO to produce the GM composite is
10:90.

Figure 7(e) shows the cycle stability of GM composite
prepared with Mn**/GO mass percent of 10 : 90. It is seen that
over 81% of the origin specific capacitance has been retained
at 0.5 A/g after 1200 cycles, displaying the better long-term
electrochemical stability. The reason is that adopting the opti-
mal mass percent of Mn**/GO to prepare the GM composite
prevents the agglomeration of Mn;O, nanoparticles and the
loss of electric contact between the Mn, O, nanoparticles and
GS. Meanwhile, Mn; O, nanoparticles have been inserted into
GS to avoid the exfoliation of Mn; O, nanoparticles attributed
to their volume expansions during cycling at a bigger current
density.

4. Conclusion

We have developed a simple and “green” solvothermal
method to produce the GM composites. The structure and
composition of GM composites were investigated. The results
indicated that the nanoparticles loaded GS had the tetrago-
nal hausmannite structure of Mn;O,. TEM images of GM
composites showed that Mn;O, nanoparticles happened to
agglomerate on the surface of GS with the increase of the mass
percent of Mn**/GO. The electrochemical performances of
these GM composites have been studied by CV and GCD. The
results showed that GM composite prepared with the optimal
mass percent of Mn>*/GO (10:90) could provide a higher
specific capacitance (~245F/g) at 5mV/s and the specific
capacitance only decreased by 19% of the initial capacitance

at 0.5 A/g after 1200 cycles. Hence, GM composite material is
a promising candidate for SCs.
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