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We present a facile one-step electrochemical approach to generate MnO,/rGO nanocomposite from a mixture of
Mn30, and graphene oxide (GO). The electrochemical conversion of Mn30, into MnO, through potential cycling
is expedited in the presence of GO while the GO is reduced into reduced graphene oxide (rGO). The MnO,
nanoparticles are evenly distributed on the rGO nanosheets and act as the spacer to prevent rGO nanosheets from
restacking. This unique structure provides high electroactive surface area (1173m? g~ ') that improves ions
diffusion within the MnO,/rGO structure. As a result, the MnO,/rGO nanocomposite exhibits high specific ca-

pacitance of 473 F g~ ! at 0.25 A g~ !, which is remarkably higher (3 times) than the Mn30,/GO prior conversion.
In addition, the electrosynthesized nanocomposite shows higher conductivity and excellent potential cycling

stability of 95% at 2000 cycles.

1. Introduction

A modern technological society requires an efficient energy storage
system which can supply huge amount of energy within a short period
of time. Conventional energy storage systems such as capacitors and
batteries are limited by the low energy density and slow power output,
respectively. In this context, supercapacitors can bridge the gap be-
tween capacitors and batteries, to provide higher energy density
(5Whkg™") and greater power output (10kWkg™') in addition to
higher cycling stability [1]. Supercapacitors store energy in two dif-
ferent modes, either in double layer capacitance mode through ions
adsorption, or in pseudocapacitance mode through faradaic reaction
[2-8]. In most cases, supercapacitors in pseudocapacitance mode pro-
vide higher energy density than those in double layer capacitance mode
as higher amount charge is transferred in the faradaic process in
pseudocapacitance mode. Ironically, this charge transfer process causes
physical and chemical changes during prolonged charge-discharge
process, therefore reducing their durability as compared to the super-
capacitors in double layer capacitance mode. Among the pseudocapa-
citive materials, manganese oxides (Mn,Oy) show promising potential
as the supercapacitors electrode owing to their natural abundance, low
cost, low toxicity and high theoretical specific capacitance (1370 Fg 1)
[1,9-13]. Mn30, was reported to possess charge storage up to 70F g~ !
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in Na,SO, electrolyte [14]. However, the application of Mn;O,4 as a
practical electrode is limited by the intrinsic low conductivity of the
material (107°-107° Sem™!) [15,16]. Another class of manganese
oxide in +4 oxidation state, MnO, was proven to have comparatively
higher conductivity (1073-107¢ S cm™') and exhibit good charge
storage up to 210F g~ ! at 0.2A g~ ' in Na,SO, electrolyte [10,17,18].
Studies showed that its rate performance and electrical conductivity
could be improved by incorporating high conductivity nanomaterial,
such as MnO5,/CNTs-CNFs [19], MnO,/rGO [20], CoMnO,/VGCF [21],
etc.

On the other hand, graphene or reduced graphene oxide (rGO) is
gaining interest as the supercapacitors electrode, owing to its high
electrical conductivity (5 X 1072 S em™Y), rich electrochemistry and
high specific surface area (2630 m? g~!) [22-25]. If the entire surface
area of graphene is fully utilized, a specific capacitance of 550 F g~*
could be achieved [26]. Nonetheless, the reported specific capacitance
values for graphene or rGO materials are merely in the range of
80—264Fg_1 in aqueous electrolytes [22,26-28], which can be at-
tributed by the restacking or agglomeration of rGO nanosheets that
causes the reduce in electrochemically active surface area. The ad-
vancement in nanotechnology renders the engineering of graphene
materials to incorporate pseudocapacitive materials such as Co30,,
Fe304, SnO,, ZnO and MnO, in forming the new composite materials
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r Fig. 1. Cyclic voltammetry curves for (a) Mn3O4, (b) Mn304/GO
08 e 8 § and (c) normalized charge as a function of cycle number for
B | Mn30,4 and Mn30,4/GO during the potential cycling.
04 9
o C Cycle no.
T = —1p
"oy 0.0 - &0 E
< - < E
g 04k 2 0 E
£ C 7 F
5 C 2-1F
T 0.8 |3 « b
e o s -
2 o g-2pF
3 -12F c E
RO 3F
- E
1.6 = F
C a3
20k 05 06 07 08 09 10 E :
YE SE 05 06 0.7 08 09 1.0
wh el al e aa sl aalaaaal AT T P T |
y N 5
1.0 0.5 0.0 0.5 1.0 1.0 05 0.5 1.0
Potential (V, vs. Ag/AgCl) Potential (V, vs. Ag/AgCl)
100 (¢) O O 9, o)
80
S -0~ Mn,0,/GO
& E =O= Mn,0,
s 60F ’
El E
3 E
= 3
g 0F
z F
20
) 7Y TP IPTTI PYTTTITTTI FYTTTPYTTI [ETTTPTUTI FOTTIPYTY [OTTTPTTTY [PTTTPTTTY PPTTIPYTTT FNTIITTT] FOTIOTTI M
0 100 200 300 400 500 600 700 900 1000

Number of cycles

® =MnO,

Intensity (arb. units)

20 (degree)

Fig. 2. XRD patterns of MnO, and MnO,/rGO.

for supercapacitors electrode [29-33]. Both components in the com-
posite act as the spacers to each other to minimize the restacking and
agglomeration, therefore increase the effective surface area accessible
to the electrolyte. Furthermore, graphene materials offer a conductive
platform for fast electron mobility but their double layer capacitive
charge storage are often limited. Conversely, pseudocapacitive mate-
rials possess high specific capacitance, but low in conductivity [34,35].
Therefore, they complement each other in the composite materials. The
non-faradaic energy storage mechanism in graphene also offers high
potential cycling stability to the pseudocapacitive materials, which tend
to degrade after prolonged potential cycling. The benefits of these
composite materials have accelerated the advancement of MnO,/gra-
phene nanocomposites, which can be fabricated by different techni-
ques, such as electrostatic assembly, chemical vapor deposition fol-
lowed by hydrothermal microwave irradiation, two successive
electrochemical deposition process, liquid phase exfoliation and hy-
drothermal methods, etc [36-38]. In spite of the considerable progress
in the fabrication of MnO,/graphene nanocomposites, it remains a

major challenge to design a simple yet efficient method to produce this
composite material with outstanding electrochemical performance. In
this work, a facile electrochemical approach is introduced to produce
MnO,/rGO at higher conversion rate and its enhanced electrochemical
performance as supercapacitors electrode is also discussed.

2. Experimental procedures
2.1. Samples preparation

Graphene oxide (GO) was prepared by Hummers’ method as de-
scribed in detail elsewhere [24]. Briefly, graphite powder (Merck) was
pre-oxidized by slowly mixing 20 g of graphite, 10 g of K»S,0g and 10 g
of P,O5 into 30 mL of concentrated H,SO,4. The reaction mixture was
heated up to 80 °C using an oil bath with continuous stirring for 6 h.
The mixture was then filtered, washed and dried. To oxidize the
powder, 20 g of the pre-oxidized graphite powder was added to 460 mL
of concentrated H,SO, in an ice bath. 60 g of KMnO,4 was then slowly
added into the mixture. The temperature was maintained at 35 °C for
2h with stirring before 3L of distilled water and 50 mL of 30% H,0-
were added to the mixture. The mixture was filtered, washed with 1:10
aqueous HCI solution and dried overnight at 60 °C in vacuum. Ex-
foliation of graphite oxide was done by sonicating graphite oxide dis-
persion (2gL™") at 200 W for 30 min. The dispersion was later cen-
trifuged at 6000 rpm for 10 min to remove the unexfoliated graphite
oxide. The GO powder was obtained by filtering the homogeneous
yellow-brown supernatant and dried under vacuum overnight.

Mn30,4 was prepared as reported elsewhere [39]. Firstly, equal
amount of Na;CO3; aqueous solution (0.07gmL’1) and MnSO4H,0
ethanolic solution (0.022 gmL_l) were mixed and then stirred for 3h
at room temperature. The obtained brown precipitates of Mn3;04 was
filtered and washed with distilled water and ethanol before final drying
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Fig. 3. (a) FESEM, (b) TEM images and (c) particles
size distribution for MnO,/rGO.

voltammetry at the potential window between —1.2V and 1.0V at
50 mV s~ 1. A similar setup was deployed for Mn30, electrode as control

The crystal structure was analyzed using a Rigaku X-ray dif-
fractometer (Miniflex II with Cu-K, radiation at 40kV, 30mA, A =
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Fig. 4. (a) FTIR and (b) Raman spectra of MnO, and MnO,/rGO.

at 60 °C for 12 h.

The Mn304/GO electrode was prepared by mixing the active ma-
terial (GO powder and Mn30,4 powder in 1:1 wt ratio) and subsequently
coated onto a nickel foam (ca. 4 mg). All the results obtained in elec-
trochemical study were normalized by the active material mass to ob-
tain gravimetric capacitance (F/g). Three-electrode system was setup in
1 M Na,SO4 with Mn30,4/GO electrode as a working electrode, Pt wire
as a counter electrode and Ag/AgCl as a reference electrode. The
electrochemical conversion was performed by running cyclic

1.5406 A) within the 26 range of 5-80° at a scanning rate of 0.02 8 s~ !
with a step time of 2s. The surface morphology was monitored by a
JEOL (JEM2100F) transmission electron microscope (TEM) and a JEOL
(JSM7800F) field emission scanning electron microscope (FESEM). The
functional groups were examined using a Perkin Elmer (Spectrum 100)
infrared spectrophotometer over the range of 400-4000 cm ™. Raman
spectra were obtained using a Renishaw Raman microscope (InVia)
with 532 nm laser excitation.

2.3. Electrochemical measurements

The electrochemical properties were measured in 1M Na;SO4
electrolyte using a three-electrode system with the active material as a
working electrode, Ag/AgCl as a reference electrode and Pt wire as a
counter electrode. The data were collected using an Autolab (PGSTAT
M101) electrochemical workstation equipped with frequency response
analyzer. The potential was scanned between 0 and 1V with different
scan rates between 2 and 100 mV s~ !. Charge-discharge galvanostatic
tests were performed at current density ranged from 0.2 to 1Ag™".
Impedance data were collected from 100 kHz to 0.01 Hz, at open circuit
potential with an AC signal of 10 mV in amplitude in 1 M Na,SO, in the
dark. Mott-Schottky data were collected by testing the impedance at
different applied potentials (—1 to 1V) to determine the flat band
potential.
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Fig. 5. (a) Cyclic voltammetry curves at 10mVs~
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3. Results and discussion

Our previous work demonstrated the successful conversion of
Mn30,4 into MnO, upon potential cycling [12]. Fig. 1a shows the CV
conversion to form MnO,, with the area under the curve (also referred to
charge) increases with increasing cycle number. As explained in our
previous work, oxidation of Mn atom occurred at the anodic scan while
intercalation of sodium ions occurred at the cathodic scan; the con-
tinuous potential cycling between anodic and cathodic scans converted
all Mn30, into MnO,. The complete conversion occurs at ca. 7500 cycle
where there is no increment in the charge density. Upon addition of GO
into Mn30,4 followed by potential cycling, Mn3O, was oxidized into
MnO, and GO was reduced to rGO simultaneously. The CV conversion
to form MnO,/rGO is shown in Fig. 1b. Similar to MnO, formation, the
charge for MnO,/rGO formation increases with increasing cycle
number. However, it is worth mentioning that the charge ceases to
increase after ca. 200" cycle, indicating the complete conversion into
MnO,/rGO. The charge increment with respects to cycle number is
summarized in Fig. 1c. For MnO,/rGO, the charge increases drastically
for each potential cycle and complete conversion occurs at ca. 200"
cycle, as compared to MnO, where complete conversion occurs at ca.
7500 cycle. The rate of conversion from Mn30,4 into MnO, is increased
4 times with the addition of GO during potential cycling process. Such
rate increment can be attributed to the presence of GO sheets that acted
as the electron acceptor which were reduced into rGO upon acceptance
of free electron [40,41]. Therefore, the Mn oxidation was not merely
based on the electron transfer into the electrode during anodic scan, but
it was also enhanced by the electron transfer into electron-acceptor GO
sheets. The remaining GO sheets which did not take part in the Mn
oxidation were reduced during the cathodic scan [42]. The mechanism

of MnO,/rGO formation is illustrated in Schematic S1 (Supporting
Information).

The conversion of Mn304 into MnO, is confirmed by the XRD
analysis (Fig. 2). The detected diffraction peaks show the formation of
ramsdellite MnO, phase in both MnO, and MnO,/rGO, according to
ICCD card (96-900-1168). The additional low-intensity peak at ca. 26°
for MnO,/rGO can be associated with the graphene (002) plane [43].
The low degree of graphitization is due to the surface coverage by
MnO, species [44]. According to Scherrer equation, the crystallite size
of MnO,, was calculated to be 37 and 19 nm for MnO, and MnO,/rGO,
respectively. The smaller crystallite size in MnO,/rGO can be attributed
to the GO sheets which provide a platform for the distribution of Mnz04
particles, prior to potential cycling conversion. Such even distribution
can prevent agglomeration and lead to smaller crystallite size forma-
tion, as seen in FESEM and TEM analyses (Fig. 3a and b). It can be seen
that the MnO, particles were evenly distributed on the rGO sheets. The
particles size distribution was calculated and presented in Fig. 3c. The
mean particles size value was obtained by the Gaussian fitting and
found to be 21 nm for MnO,/rGO, which is very close to those obtained
from XRD data. It is noteworthy to highlight that the electron transfer
between GO and Mn30,4 did not occur in the absence of external elec-
trical potential, as shown in Fig. S1 where Mn30,4 in Mn304/GO mixture
remained at its phase in XRD analysis. This is also consistent with other
reported works [45,46]. Upon electron transfer occurred between GO
and Mn3Oy,, the interaction can be observed from FTIR analysis (Fig. 4a)
where additional absorption band can be found at 1110cm™' for
MnO,/rGO sample, which can be associated to the bending vibration of
C-OH combined with Mn atoms [47]. This interaction cannot be seen in
MnO, sample. In addition, the disappearance of C=O stretching vibra-
tion band (1720cm™Y) in MnO,/rGO also indicates the successful

1
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Table 1

Comparison of reported specific capacitance values to MnO,/rGO nanocomposite.

Material Specific capacitance (Fg™*) Reference
Cyclic Charge-
voltammetry discharge
Graphene-ZnO 156 @ 5mVs~* 196 @ [32]
nanocomposites 0.8 mA cm ™2
Graphene-TiO, 165 @ 5mVs~! - [501]
nanostructure
Graphene-honeycomb 170 @ 10mVs~' 210 @ 0.5Ag >  [36]
MnO,
Mnj30,/graphene 175 @ 5mVs~! - [43]
nanocomposites
Graphene/VOx-NTs 188 @ 50mVs~! 210@ 1Ag™! [51]
MnO, nanorods/graphene 218 @ 5mVs~! - [52]
Graphene-MnO, 310 @ 2mVs~ 1 - [44]
composites
SnO,/graphene 363.3 @ 3643 @1 Ag’1 [31]
10mvs~!
Graphene oxide-MnO, - 216 @ 0.15A g~ 1 [30]
Fe;04/graphene - 220.1 @ [29]
nanocomposites 0.5Ag™!
Multilayered graphene/ - 252 @ 2Ag”! [53]
MnO,
MnO,-graphene - 305@1Ag™! [37]
MnO,-graphene 378 @ 1mVs~ ! - [20]
SnO, coated MnO, - 248.4 @ [54]
0.6Ag~!
Sb-doped SnO, coated - 292.6 @ [54]
MnO, 0.6Ag~!
Co304 nanoplate/ - 337.2 @ [33]
graphene 0.2Ag™!
Cobalt doped MnO, 302@10mVs ! 415@0.2Ag™ '  [55]
MnO,/CNFs 329 @2mvs~! 312@1Ag™! [19]
MnO,/CNTs-CNFs 374 @ 2mVs~! 357 @1Ag™" [19]
MnO,/C@Si - 240.1 @ 1Ag™ ! [56]
C030,4,-MnO, 419 @ 5mVs™! - [21]
MnO,/rGO - 473 @ 0.25 A this work
g7 1

electrochemical reduction of GO into rGO as this band is obviously seen
in the composite prior to the cycling process (Fig. S2). For further in-
vestigation of the structural characteristics of the prepared MnO,/rGO
nanocomposite, Fig. 4b shows Raman spectra of MnO, and MnO,/rGO.
The formation of MnO, is supported by Mn-O symmetric stretching
vibrations of MnOg octahedron at ca. 645 cm ™! [48]. For MnO,/rGO,
apart from MnOg octahedron band, two additional D and G bands ap-
pear at ca. 1354 and 1583 cm ™, respectively. This indicates the for-
mation of rGO and the intensity ratio Ip/Ig was found to be 0.84, to
indicate the disorder degree in rGO structure.

Ceramics International xxx (XXxXX) XXX—XXX

Electrochemical tests were conducted to evaluate the charge storage
properties of MnO,/rGO. The cyclic voltammetry results of MnO, and
MnO,/rGO are shown in Fig. 5a. Both samples exhibit rectangular
shape in CV curves, indicating the good charge propagation in the
electrodes and the absence of redox activity on the electrode surface.
The effect of rGO in MnO, is significant in electrochemical studies as
MnO,/rGO shows larger area under the CV curve, as compared to that
of MnO,. A CV with larger area under the curve indicates the higher
specific capacitance. The samples were further probed with galvano-
static charge-discharge tests in order to simulate the practical operation
of the supercapacitors (Fig. 5b and c). Both MnO, and MnO,/rGO
electrodes show and symmetrical and linear charge-discharge curves
with neglected iR drop. The specific capacitance values were calculated
as reported elsewhere [12] and the values are summarized against
current density in Fig. 5d. For both samples, ions diffusion within the
electrode was dominant in the charge storage process as they show
current-dependent specific capacitance values where specific capaci-
tance values drop at increasing current density. The highest capacitance
of 473F g~ ! was attained on MnO,/rGO electrode at 0.25A g™, ap-
proximately twice as compared to that of MnO, electrode (257 Fg™!)
and around three times as compared to the Mn304/GO composite prior
electrochemical conversion (180 F g’l, Fig. S3). The results are com-
pared with other reported works for MnO, composites (Table 1) and
MnO,/rGO in this work shows superiority over other reported MnO,
composites. In addition, the low performance of Mn304/GO prior
conversion signifies the importance of externally applied potential in
electron transfer between GO and Mn30,4 in MnO,/rGO synthesis. This
is also parallel with XRD findings. Moreover, the bare Ni foam con-
tribution was investigated by testing CV and CDC for Ni foam electrode
under the similar experimental conditions. As shown in Fig. S4, bare Ni
foam shows very low current with very narrow CV curve (Fig. S4(a))
and very fast discharge time (Fig. S4(b)), giving specific capacitance
value less than 0.5F g~ '. Therefore, the contribution of Ni foam sub-
strate in the electrochemical performance can be neglected as reported
before [49].

The kinetics of charge storage in MnO, and MnO,/rGO were studied
by Trasatti's analysis. The total stored charge in an electrode can be
divided into three fractions: the faradaic contribution from the slow H™*
ions insertion process which is limited by solid-state ion diffusion, the
faradaic contribution from the fast charge-transfer process at surfaces
or known as pseudocapacitance, and the non-faradaic contribution
from the fast electric double layer effect [57]. The former one is re-
garded as diffusive charge storage while the latter two are known as
capacitive charge storage. In Trasatti's analysis, the charge storage
processes can be represented by the following equations [58,59]:

Qu = Qc + w12 6))

Fig. 6. Dependence of (a) Q) on v~ % and (b) 1/
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150 Fig. 7. (a) Nyquist plots for MnO, and MnO,/rGO: the inset is the
high—frequency region of the plots and Mott-Schottky plots of (b)
MnO, and (c) MnO,/rGO.
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Fig. 8. Cycle life stability curve (left vs. bottom) and Coulombic efficiency (right vs.
bottom) at 3 A g~ current density for MnO,/rGO, the insets show the charge-discharge
curves at different cycle number.

l/Q(U) =1/Qr + avt/2 2
Where Q) is the total measured voltammetric charge, Qc is the capa-
citive charge (from both double layer and pseudocapacitive processes),
Qr is the total amount of stored charge, a is a constant and v represents
the scan rate. In Eq. (1), the diffusive charge storage can be excluded as
v approaches infinite, therefore extrapolating the plot of Q) vs v~ /2
(Fig. 6a) gives the capacitive charge storage (Qc) at intercept. In Eq. (2),

identified in Nyquist plot (Fig. 7a) where MnO,/rGO is having shorter
Warburg diffusion which is pertaining to the diffusion resistance of
electrolyte within electrode structure. The zoomed view of the high-
frequency region in Nyquist plots renders the estimation of equivalent
series resistance (ESR) at intercept and charge transfer resistance (Rcr)
at the semicircle plot. The ESR and Ry are estimated to be 2.84 and
2.33 Q for MnO,; and 0.22 and 1.46 Q for MnO,/rGO, respectively. The
lower ESR and R¢y values for MnO,/rGO can be associated with the
presence of rGO in the composite which can improve the conductivity
of semiconducting MnO,. The impedance data was used for the calcu-
lation of electroactive surface area, according to the method reported
elsewhere [12,13,24,60]. It is noteworthy to highlight that the elec-
troactive surface area for MnO,/rGO was calculated to be 1173 m? g™?,
which is approximately 25 times higher than that of MnO, (46 m* g~ 1).
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Table 2
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Comparison of reported cycling stability and Coulombic efficiency with MnO,/rGO nanocomposite.

Material Cycling stability (%) Coulombic efficiency (%) Reference
MnO, 88.0 @ 900 cycles - [9]
93.0 @ 1650 cycles - [12]
5% Co-MnO, 97.3 @ 5000 cycles - [55]
Bare MnO, 92.8 @ 5000 cycles -
Pure MnO, (P-MnO5) 77.2 @ 1000 cycles 94.2 @ 1000 cycles [54]

SnO,-coated MnO, (S-MnO5)
Sb-doped SnO, (SS-MnO,)
MnO,/CNTs-CNFs

Co30,4 nanoplate/graphene sheet
Graphene/VOx nanotubes
Graphene-ZnO

Graphene-TiO,

Graphene nanosheet
Graphene-MnO,
Cobalt-MnO,/carbon-nanofiber
Graphene-honeycomb MnO,
Graphene-MnO,

Graphene oxide-MnO,

Bare MnO,

MnO;, on nickel foam-graphene
Graphene/MnO,

Bare MnO,

RGO-wrapped MnO,

MnO, nanorods/graphene
MnO,/rGO

81.1 @ 1000 cycles
88.4 @ 1000 cycles
94.0 @ 1000 cycles
93.2 @ 1000 cycles
48.0 @ 5000 cycles
94.0 @ 5000 cycles
91.0 @ 5000 cycles
86.0 @ 1100 cycles
78.0 @ 1000 cycles
95.0 @ 6000 cycles
82.4 @ 1000 cycles
95.4 @ 15,000 cycles
84.1 @ 1000 cycles
69.0 @ 1000 cycles
96.0 @ 6000 cycles
96.0 @ 6000 cycles
83.0 @ 1000 cycles
93.8 @ 1000 cycles
95 @ 2000 cycles

95.8 @ 1000 cycles

99.0 @ 1000 cycles

- [19]
- [33]
- [51]
- [32]
96.0 @ 5000 cycles [50]
88.0 @ 1100 cycles [24]
- [38]
- [21]
- [36]
- [44]
- [30]

80.0 @ 1000 cycles [37]
_ [53]
[20]
94.0 @ 1000 cycles [52]
92 @ 2000 cycles this work

It can be deduced that rGO sheets provided a huge platform for the
distribution of MnO, and therefore prevented their agglomeration, as
seen from TEM analysis too. It also supports the electrochemical find-
ings to suggest the diffusive charge storage to be the dominant charge
storage mechanism in MnO,/rGO where more diffusion process oc-
curred in MnO,/rGO with high electroactive surface area. The electrical
conductivity was further investigated by performing potential-depen-
dent capacitance measurements at a frequency of 450 Hz. The capaci-
tance C is then calculated from the imaginary part of the impedance: C
= — 1/wZ” where w = 2muf, and Z” represents the imaginary im-
pedance. According to Mott-Schottky theory, the capacitance of the
space charge layer is expressed as [12,61,62]:

5 =2 (V—Vﬂ—k—T)
Cser, eggoNp e 3)
where Cscy, is the capacitance of the space charge layer, e is the charge
of electron, ¢, is free space permittivity (8.85 x 107 Fem™!), ¢ is
dielectric constant (32 for MnO,, [63]), V is applied potential, Vj, is flat-
band potential, Np is donor density or donor concentration, k is
Boltzmann constant, T is Kelvin temperature. As seen from Fig. 7b and
¢, both MnO, and MnO,/rGO exhibit a strong capacity dependence
towards applied voltage, which indicates the space charge layer con-
trolled capacity of a semiconductor in the electrolyte. The flat-band
potential of MnO, and MnO,/rGO were calculated to be 0.30 and 0.05
V, respectively. The negative shift of the Vg, in MnO,/rGO indicates a
shift of conduction band to more positive potentials, which lead to
enhanced electrical conductivity of the electrodes. To understand the
impact of rGO in MnO, in terms of electrical conductivity quantita-
tively, carrier density for both MnO, and MnO,/rGO was calculated. As
expected, the semiconducting MnO,, possesses carrier density of 7.6 X
10'2 cm ™2 and MnO,/rGO shows significant increased carrier density
of 74.4 x 10 ecm™3. The enhancement in carrier density can be at-
tributed to the electron donation of electron-rich rGO to MnO, [61].
The long-term potential cycling stability is a very important factor
in supercapacitor applications. As shown in Fig. 8 (left vs. bottom),
MnO,/rGO shows high cycling stability, reaching 95% of its original
values at 3A g~ ! after 2000 cycles. After 1500 cycle, only 2.5% capa-
citance loss is shown and it is less than the capacitance loss of other
reported MnO, graphene composites such as hydrothermally prepared

MnO, nanorods/graphene [52], graphene-wrapped honeycomb MnO,
nanospheres [36] and RGO-wrapped MnO, composite [20]. The inset of
Fig. 8 shows the representative charge-discharge curves remain linear
throughout the stability test cycles, indicating an insignificant change
in the specific capacitance of MnO,/rGO and renders its long-term
stability. In addition, MnO,/rGO shows a high Coulombic efficiency of
92% after 2000 cycles, which is higher than those reported elsewhere
[24,64]. The cycling stability and Coulombic efficiency of the prepared
MnO,/rGO nanocomposite were compared with the reported values of
similar materials as listed in Table 2.

4. Conclusions

The current work reports on the one-step electrosynthesis of MnO,/
rGO from Mn30, and GO mixture. The electro-oxidation of Mn30, into
MnO, is expedited by the electron transfer process into the electron-
accepting GO sheets and therefore reducing GO into rGO. The MnO,/
rGO shows high specific capacitance of 473Fg~! at 0.25 A g™, which
is predominantly associated with the presence of rGO. In MnO,/rGO,
rGO sheets act as the platform for even distribution of MnO, nano-
particles; MnO, acts as the spacer to prevent rGO sheets from stacking.
Such unique structure provides high electroactive surface area
(1173 m? g~ 1) in which improves the ions diffusion within MnO,/rGO
structure and contributes to huge diffusive charge storage. The presence
of rGO also improves the conductivity of semiconducting MnO, and
increases the carrier density, as shown in electrochemical impedance
spectroscopy. The electro-generated MnO,/rGO also presents high cy-
cling stability up to 2000 cycles. These findings suggest the one-step
electrochemical approach can produce MnO,/rGO that can be the po-
tential electrode material for highly stable supercapacitors.
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