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Abstract: One-pot synthesis of mixed-valence manganese oxide (MnOx)/potassium ion-doped
reduced graphene oxide (rGO) composites for efficient electrochemical supercapacitors is introduced.
Using manganese nitrate and potassium permanganate as co-precursors for the MnOx and by directly
annealing the rGO without tedious purification steps, as described herein, MnOx/rGO composites
with a high specific capacitance of 1955.6 F g−1 at a current density of 1 A g−1 are achieved. It is found
that the presence of potassium ions helps in the development of mixed-valence MnOx on the surface
of the rGO.
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1. Introduction

Recently, composite electrode materials comprising electrochemical double-layer capacitors
(EDLCs) and pseudocapacitors have come to represent a promising avenue for providing greater
energy density for supercapacitors. The use of a pseudocapacitive material enables fast electron
transfer at the surface of the electrode, leading to a higher energy density than can be achieved by using
EDLCs alone. As a promising candidate for a composite electrode material, nanocomposites composed
of manganese oxide (MnOx) and graphene have been widely investigated [1–8]. The properties of
graphene, such as high electrical conductivity, large specific surface area, transparency, and flexibility,
are beneficial to use as a supercapacitor electrode material [9–17]. Manganese oxide is attractive
as a pseudocapacitor because of its low cost, natural abundance, environmental compatibility, and
high theoretical specific capacitance [18]. The shortcoming of manganese oxide as a supercapacitor
electrode is its lack of electrical conductivity, which can be compensated for by the use of graphene
composites. In addition, the high surface area and high electrical conductivity of graphene can improve
the electrochemical performance by double layer formation, and this is also helped by a uniform
distribution of the manganese oxides on the basal plane of the graphene.

The electrochemical performance of the manganese oxides are directly influenced by their crystal
structures and oxidation states. Several studies have reported on how the electrochemical performance
depends on the oxidation states of manganese oxides [19,20]. In particular, it is reported that the
presence of mixed-valence manganese oxides can result in superior performance of capacitive behavior,
due to the coexistence of aliovalent manganese cations that drive the defect-accelerated kinetics of the
surface reactions [21].
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In this study, we report on a one-pot synthesis of a mixed-valence manganese oxide
(MnOx)/potassium (K+) ion-doped, reduced graphene oxide (rGO) composite materials for an
efficient supercapacitor electrode. By using manganese nitrates and potassium permanganate as
co-precursors for MnOx and then using direct annealing without any intervening washing steps,
mixed-valence MnOx/rGO composites with a K+-doped rGO structure were successfully achieved.
Due to the synergetic effects created by the presence of mixed-valence MnOx and K+ ions, the resulting
composite structure showed excellent capacitive properties, reaching a maximum specific capacitance
of 1955.6 F g−1 at a current density of 1 A g−1.

2. Materials and Methods

2.1. Materials

H2SO4 (98%), H2O2 (35%), and HCl (5%) were purchased from Dae-Jung (Suwon, Korea).
Graphite flakes, KMnO4, manganese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O), KOH, activated
carbon, N-methyl-2-pyrrolidone (NMP), and polyvinylidene fluoride (PVDF) were purchased from
Sigma-Aldrich (Steinheim, Germany). All of these materials were used without any further purification.

2.2. Preparation of GO

A modified Hummers’ method was used to prepare the Graphite oxide (GO), as described in
previous reports [22]. Briefly, 2 g of graphite flakes were mixed with 46 mL of 98% sulfuric acid in a
250 mL round bottom flask and placed in an ice bath with constant stirring. Then 6 g of potassium
permanganate was slowly added to the mixture. After 2 h, the supernatant mixture was transferred to
an oil bath and kept at a constant temperature of 35 ◦C for 6 h. Then 92 mL of de-ionized (DI) water
was gradually added to the reaction mixture. The mixture was then stirred for 1 h. The whole reaction
mixture was then poured into a 1 L beaker containing 240 mL of water. Then 35% hydrogen peroxide
solution was added until the color of the mixture changed to bright yellow. Hydrochloric acid diluted
in 5% water was added in order to remove the metal cations. Finally, the resulting solution was washed
with DI water, and dialysis was performed until a neutral graphite oxide solution was obtained.

2.3. Preparation of MnOx/rGO Nanocomposites

100 mg of GO was uniformly dispersed in 200 mL of DI water using water bath sonication for
1 h. Then 20 mL each of 0.01 M Mn(NO3)2·4H2O and KMnO4 solutions were simultaneously added,
dropwise, to the GO solution with stirring at a constant speed for 1 h. The supernatant mixture was then
dried at room temperature, and finally the remaining moisture was removed by vacuum drying at room
temperature. No washing with water was involved in this process. The resulting solid powder-type
mixtures were annealed at 500 ◦C in an Ar atmosphere. For a comparative study, samples annealed at
400 ◦C and 600 ◦C were also prepared and compared for their electrochemical performances.

2.4. Characterization

A Tecnai G2 F20 (FEI, Hillsboro, OR, USA) was used to take transmission electron microscopy
(TEM) images and perform energy dispersive X-ray spectroscopy (EDS) analysis. X-ray diffraction
(XRD) patterns were recorded on a Rigaku SmartLab diffractometer (Rigaku, Tokyo, Japan) using Cu
Kα radiation. A Jobin Yvon LabRAM HR UV-Visible-NIR spectrometer (Horiba, Kyoto, Japan) was
used to obtain Raman spectra. X-ray photoelectron spectroscopy (XPS) information was obtained on a
Thermo Fisher Scientific (Waltham, MA, USA) K-alpha using an Al source. Fourier transform infrared
(FT-IR) spectra were recorded on a FR/IR-6600 (JASCO, Tokyo, Japan). A Verios 460L (FEI, Hillsboro,
OR, USA) was used to take field emission scanning electron microscope (FE-SEM) images and also
used to perform energy dispersive spectroscopy (EDS) mapping analysis.
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2.5. Electrochemical Measurements

Electrochemical responses of the MnOx/rGO composites were measured using a three-electrode
system. A 6 M KOH aqueous solution was used as the electrolyte, a platinum plate was used as
the counter electrode, and Ag/AgCl was used as the reference electrode. The working electrode was
prepared by mixing 80 wt% active material, 15 wt% activated carbon, and 5 wt% polyvinylidene
fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP). The slurry was then spread onto a glassy carbon
electrode, which was used as the current collector. The electrode was then heated at 60 ◦C for 24 h
to evaporate the solvent. The rate of total deposited mass throughout our study was 1.5 mg cm−2.
To investigate the electrochemical performance of the electrodes, cyclic voltammetry (CV) and
galvanostatic charge-discharge techniques were employed. Electrochemical performance in the
three-electrode configuration was determined in a CH660D electrochemical station (CH Instruments,
Inc., Austin, TX, USA).

3. Results and Discussion

3.1. Materials Characterization

The MnOx/rGO nanocomposites were synthesized using manganese nitrate and potassium
permanganate as co-precursors for the MnOx. First, electrostatic binding of manganese (II) cations
on the surface of GO was achieved. With the addition of potassium permanganate, permanganate
(MnO4

−) ions were bonded with Mn2+ ions. Subsequent annealing at 500 ◦C in an Ar atmosphere led
to the resulting MnOx/K+-doped rGO composites. No washing was involved in this process; therefore,
abundant K+ ions were introduced in the composite structure. The X-ray diffraction (XRD) patterns
of the compositions and crystal structures of the MnOx/rGO nanocomposites and the GO are shown
in Figure 1a. Sharp characteristic peaks corresponding to the MnOx on the surface of the graphene
appeared at 23.1◦, 30.0◦, 31.7◦, 34.9◦, 40.5◦, 47.3◦, 58.7◦, 70.1◦, and 73.7◦, indicating the presence of
mixed-valence MnOx including MnO, Mn2O3, and Mn3O4, which was confirmed by Joint committee
on powder diffraction standards (JCPDS) No. 07-0230 (MnO), JCPDS No. 00-041-1442 (Mn2O3), and
JCPDS-International Center for diffraction data (ICDD) No. 00-07-0230 (Mn3O4), respectively. It was
found that using the annealing temperature of 500 ◦C was beneficial for the development of the
mixed-valence manganese oxides in this work (Figure 1b). At lower annealing temperatures, such as
300 ◦C or 400 ◦C, negligible peaks of manganese oxides were detected, indicating that such annealing
temperatures were insufficient for the development of MnOx crystals. In addition, when the annealing
temperature reached 600 ◦C, most MnOx were thermally converted to a Mn3O4 single phase [23].
The nominal peaks of K+-intercalated MnOx structure (KxMn8O16) was also detected alongside in case
of the composite annealed at 500 ◦C.
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Figure 1. (a) X-ray diffraction (XRD) spectra of the graphene oxide (GO) and GM500; (b) Comparative
XRD spectra of GM300, GM400, GM500, and GM600 (denoted the MnOx/rGO as GMn, where n is the
annealing temperature).
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Typical microstructures of the MnOx/rGO nanocomposites, investigated by TEM, are shown in
Figure 2. As seen in Figure 2a, MnOx nanoparticles in the range of 6 to 12 nm grew on the surface
of the graphene sheets. Our proposed approach allowed us to achieve uniformly distributed MnOx

particles without nanoparticle aggregation. The loaded amount of the MnOx on the surface of the
graphene can be controlled by varying the amounts of precursors used for the growth of the MnOx.
Figure 2b shows a lattice spacing of 2.6 nm, which corresponds to the (111) plane of MnO. Figure 2c
shows the 0.28 nm lattice spacing of the (200) plane of Mn3O4. Figure 2d shows the 0.26 nm lattice
spacing of the (222) plane of the Mn2O3. The MnOx phase is found to be one of the following: MnO,
Mn2O3, and Mn3O4. In addition, the nominal presence of the K+-intercalated MnOx structures were
observed through TEM analyses (Figure S1), which are in agreement with the XRD results.
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Figure 2. (a) A typical transmission electron microscopy (TEM) image of GM500, and the enlarged TEM
images which reveal the structures of (b) MnO, (c) Mn3O4, and (d) Mn2O3.

Figure 3 displays the TEM-EDS maps showing the distributions of C, O, Mn, K, and K-Mn in
combination. It also shows that the K+ ions were uniformly distributed on the rGO surface and near
the grain boundary of the polymorphs of the MnOx. Also, a small amount of the K+ ions were detected
within the MnOx structure (Figure 3e,f). This is due to the small number of K+-intercalated MnOx

structures present in the composites, which is in accordance with the XRD study. During calcination at
500 ◦C, it is known that NO3

2− ions can easily evaporate, but K+ ions remain stably along the grain
boundary of the polymorphs of MnOx, as well as on the surface of the rGO [24].

The Raman spectra of the GO and the MnOx/rGO nanocomposite are shown in Figure 4a. A D
band at 1346 cm−1 and a G band at 1570 cm−1 were detected in the spectrum of GO. The characteristic D
and G bands are observed for both the MnOx/rGO nanocomposite and the GO products. The intensity
ratios of the D to G bands for GO and the MnOx/rGO nanocomposite show an obvious change: 0.75
and 0.98, respectively. The increasing value of the D/G intensity ratio of the MnOx/rGO nanocomposite



Materials 2019, 12, 1245 5 of 11

in comparison to that of the GO is due to the reduced size of the sp2 domains and the creation of new
graphitic domains with smaller sizes after thermal reduction at 500 ◦C [25]. In addition, the peaks
at 639.7 cm−1 for the MnOx/rGO are assigned to the Mn–O stretching vibration in the basal plane of
MnO6 and/or the symmetric stretching vibration of the MnO6 group [26].
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The surface electronic state and the chemical bonding state of MnOx/rGO were analyzed in detail
by XPS. As shown in Figure 4b, the survey XPS spectrum for the MnOx/rGO nanocomposite revealed
the presence of carbon, manganese, potassium, and oxygen. In particular, the omission of the rinsing
step after the reaction of the KMnO4 in the preparation of the MnOx/rGO nanocomposite may account
for the presence of the K+ inside the MnOx/rGO after annealing. The C 1s peak originates from
the graphene nanosheets. The Mn 2p peak was further inspected by high-resolution XPS analysis,
as shown in Figure 4c. The two peaks at 641.5 eV and 653.2 eV can be assigned to Mn 2p3/2 and
2p1/2, respectively, which are characteristic of mixed-valence MnOx [27,28]. The oxidation state of
the manganese was confirmed by the multiplet splitting of the Mn 3s state. As shown in Figure 4d,
the splitting width was 5.5 eV, which is in accordance with a previous report on the XPS spectrum of
Mn3O4 [19]. Fourier transform infrared spectroscopy (FT-IR) was used to characterize the GO and
the MnOx/rGO nanocomposites, and the results are shown in Figure S2. The GO showed a broad
band at 3300–3700 cm−1 and a distinct band at 1620~1730 cm−1, corresponding to O–H and C=O, C–O
respectively. After the composite was made, all bands decreased significantly, and a new peak, for the
MnOx band, at 600 cm−1 was confirmed [29–31].

3.2. Electrochemical Properties

To evaluate the temperature-dependent electrochemical behavior and quantify the capacitance
performance of the MnOx/rGO nanocomposites, samples annealed at 400 ◦C, 500 ◦C, and 600 ◦C were
prepared, and cyclic voltammetry (CV) measurements were taken at different scan rates under the
operating potential of −0.6–0.7 V in a three-electrode system. The results are shown in Figure 5a. It can
be observed that GM500 shows a larger capacitive area than either GM400 or GM600. This is because the
pseudocapacitance is dependent on the structure of the metal oxide. Recently, it was established that a
multivalent oxide system is capable of adsorbing anions as well as transporting the oxygens into vacant
sites of manganese ions, thus promoting high redox reactions and faster electron transitions [32,33].
From the above XRD study, we observed that the crystal structure and the valence state of the resulting
MnOx and the following CV performances are dependent on the annealing temperature. GM400

showed very low capacitive current compared to GM500, probably due to the insufficient growth of
the mixed-valence MnOx. GM600 also demonstrated an inferior performance to that of GM500. This
is attributed to the reduced redox active formation of the Mn3O4, which could, in turn, result in a
reduction of the capacitive current for the increased annealing temperature of 600 ◦C. However, upon
annealing at 500 ◦C, various mixed-valence MnOx phases, such as MnO, Mn2O3, and Mn3O4, were
generated, which is found to be beneficial for a larger capacitive current area.

A CV analysis of GM500 at different scan rates was carried out to investigate the current response
of GM500. All of the CV curves had a quasi-rectangular shape for both low and high scan rates
(Figure 5b). Typically, at the high scan rates—above 50 mV s−1—the CV curves are distorted from their
rectangular shape. This indicates unbalanced ion diffusion with respect to the charging and discharging
currents, caused by the polarization between the metal oxide and electrolyte with limited incubation
of electrolyte inside the electrode materials. However, the graphs are almost the same with respect
to the zero-current axis. To quantify the capacitance value of GM500, we conducted galvanostatic
charge/discharge measurements. Figure 5c shows a faint hump in the 0.09 V signal during charging,
and a slight bend appears in the discharging graph. This is due to the significance of the redox
reaction during electrochemical performance, which varies due to the presence of the mixed-valence
MnOx and the abundant K+ ions. Figure 5d presents specific capacitance values calculated from the
following equation:

Cs =
2im

∫
V dt

V2

∣∣∣∣∣∣ V f
Vi

, (1)
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where Cs (F g−1) is the specific capacitance, im = I/m (A g−1) is the current density, where I is the current
and m is the mass of the active material,

∫
Vdt is the integral current area, where V is the potential with

initial and final values of Vi and Vf, respectively [34].Materials 2019, 12, x FOR PEER REVIEW 7 of 11 
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(b) CV curves of GM500 at various scan rates, (c) Galvanostatic charge-discharge curves of GM500 at
different current densities, and (d) Specific capacitance vs. current density plot for GM500.

The highest and lowest specific capacitance values were 1955.6 F g−1 and 840.7 F g−1 at current
densities of 1 A g−1 and 4.5 A g−1, respectively. These high capacitive performances might be due to
the presence of the K+ ions on the grain boundary of the MnOx and the surface of the rGO, which
were easily transported from the electrode to the electrolyte. In previous studies, the charge storage
mechanisms of MnOx-based composites were controlled mainly by the intercalation/de-intercalation
of alkali cations and the structural changes that occurred during the electrochemical performances [35].
In our study, most of the K+ ions were doped on the surface of the rGO, rather than intercalated within
the MnOx. Since the K+ ions doped on the rGO induce an n-doping effect of graphene, the electrical
conductivity of the rGO is expected to be enhanced [18]. In this regard, transportation of electrons
from the redox center to the current collector can be promoted, resulting in an increase of capacitance
performance. Moreover, the formation of mixed-valence MnOx can result in superior performance of
capacitive behavior, which benefits from the coexistence of aliovalent manganese cations that drive the
defect-accelerated kinetics of the surface reactions. Both GM400 and GM600 show capacitive properties
inferior to that of GM500, which indicates that during the annealing process, there is insufficient
development of the mixed-valence MnOx (Figures S3 and S4). In addition, GM500 exhibited the largest
surface area, 210 m2 g−1, from Brunauer-Emmet-Teller (BET) analysis (Belsorp-max, Bel Japan Inc.,
Toyonaka, Japan) compared to that of GM400 and GM600, supporting the superior capacitive property of
GM500 (Figure S5). The cyclic stability test results shown in Figure 6 reveal that the specific capacitance
is retained as 96%, even after 4000 charge/discharge cycles. Based on these results, we conclude that
GM500 is an effective material for use as a supercapacitor electrode.
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was prepared by repetitive washing after the reaction of the manganese precursors and subsequent
annealing at 500 ◦C. From TEM and XRD studies, it is found that the resulting K+-free GM500 is
composed of Mn3O4, without showing any multivalency (Figure S6). We employed scanning electron
microscopy (SEM) and EDS mapping to compare the composition of elements before and after washing
the GM500 (Figure 7). The EDS elemental mapping image of GM500 showed the K-edge signals of Mn,
O, and K with atomic percentages of 22%, 39%, and 39%, respectively (Figure 7a). In contrast, the EDS
mapping of K+-free GM500 indicates an increased amount of O and a dramatically decreased amount
of K after washing. The atomic percentages of Mn, O, and K were 9%, 84%, and 7%, respectively
(Figure 7c). Figure 7b shows the XPS survey scan of the K+-free GM500, presenting an absence of
bonding associated with K ions. The above results indicate that the K+ ions are removed by washing.
The electrochemical performances also show that K+-free GM500 is very inferior to GM500 with K+

doping, exhibiting a specific capacitance of 272 F/g at a current density of 1 A/g (Figure 7d). From these
observations, we can conclude that the presence of K+ ions is essential for developing multi-valence
MnOx on the surface of the rGO upon annealing at a temperature of 500 ◦C, leading to the superior
capacitive performance of the composite electrode.
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4. Conclusions

In conclusion, we presented a facile synthesis of mixed-valence MnOx/K+-doped rGO
nanocomposites for efficient supercapacitor electrodes. By using the electrostatic binding of the
manganese precursor and KMnO4, and subsequent annealing, we successfully fabricated the MnOx/rGO
composites with uniformly distributed MnOx on the surface of K+-doped rGO. The abundant K+ ions
remaining on the surface of the rGO helps to develop mixed-valence MnOx and leads to a superior
capacitive property by promoting a faster reversible reaction. Furthermore, it was found that an
annealing temperature of 500 ◦C was suitable for sufficient growth of mixed-valence MnOx/rGO
nanocomposites. The resulting composite materials yield a specific capacitance of 1955.6 F g−1 at
1 A g−1, which demonstrates that these K+-doped MnOx/rGO nanocomposites would be attractive for
various energy applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/8/1245/s1,
Figure S1: TEM image showing nominal presence of K+-intercalated MnOx on the surface of the rGOs. The lattice
spacing corresponds to (200) plane of KxMn8O16. Figure S2: FT-IR spectra of the GO and the MnOx/rGO
composites. Figure S3: (a) GCD curves of GM400; (b) specific capacitance variation of GM400 according to the
change of current density; (c) GCD curves of GM600; (d) specific capacitance variation of GM600 according to the
change of current density. Figure S4. Electrochemical impedance spectroscopy (EIS) plots of GM400, GM500, and
GM600. Figure S5. BET surface area analysis of the GM500. Figure S6. K+-free GM500 prepared from repetitive
washing. (a) SEM; (b) TEM; (c) XRD data shows that the washed GM500 is composed of Mn3O4 single phase.

Author Contributions: Conceptualization and Methodology, H.Y.K.; Investigation, Analysis and Validation, W.J.
and D.-Y.J.; Writing-Original Draft, Review & Editing, H.Y.K. and Y.-S.L.; all co-authors provided their comments
to refine the paper.

Funding: This study was funded by the Korea Institute of Science and Technology (KIST) institutional program
(2Z05700) and the R&D Convergence Program of the Ministry of Science, ICT and Future Planning (MSIP) of the
Republic of Korea (Grant CAP-13-2-ETRI).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Z.; Xiao, F.; Qian, L.; Xiao, J.; Wang, S.; Liu, Y. Facile synthesis of 3D MnO2-graphene and
carbon nanotube-graphene composite networks for high-performance, flexible, all-solid-state asymmetric
supercapacitors. Adv. Energy Mater. 2012, 4, 1400064. [CrossRef]

2. Zhao, X.; Zhang, L.; Murali, S.; Stoller, M.D.; Zhang, Q.; Zhu, Y.; Ruoff, R.S. Incorporation of manganese
dioxide within ultraporous activated graphene for high-performance electrochemical capacitors. ACS Nano
2012, 6, 5404–5412. [CrossRef] [PubMed]

3. Sumboja, A.; Foo, C.Y.; Wang, X.; Lee, P.S. Large Areal Mass, Flexible and free-standing reduced graphene
oxide/manganese dioxide paper for asymmetric supercapacitor device. Adv. Mater. 2013, 25, 2809–2815.
[CrossRef] [PubMed]

4. Yu, G.; Hu, L.; Vosgueritchian, M.; Wang, H.; Xie, X.; McDonough, J.R.; Cui, X.; Cui, Y.; Bao, Z. Solution-processed
Graphene/MnO2 nanostructured textiles for high-performance electrochemical capacitors. Nano Lett. 2011, 11,
2905–2911. [CrossRef] [PubMed]

5. Yang, Q.; Li, Q.; Yan, Z.; Hu, X.; Kang, L.; Lei, Z.; Liu, Z.-H. High performance graphene/manganese oxide
hybrid electrode with flexible holey structure. Electrochim. Acta 2014, 129, 237–244. [CrossRef]

6. Staiti, P.; Lufrano, F. Study and optimization of manganese oxide-based electrodes for electrochemical
supercapacitors. J. Power Sources 2009, 187, 284–289. [CrossRef]

7. Fan, L.-Q.; Liu, G.-J.; Zhao, J.-C.; Wu, J.-H.; Lin, J.-M.; Huo, J.-H.; Liu, L. Facile one-step hydrothermal syntheses
and supercapacitive performances of reduced graphene oxide/MnO2 composites. Compos. Sci. Technol. 2014,
103, 113–118. [CrossRef]

8. Lei, W.; He, P.; Wang, Y.; Zhang, X.; Xia, A.; Dong, F. Solvothermal preparation of microspherical shaped
cobalt-manganese oxide as electrode materials for supercapacitors. Compos. Sci. Technol. 2014, 102, 82–86.
[CrossRef]

9. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef]

http://www.mdpi.com/1996-1944/12/8/1245/s1
http://dx.doi.org/10.1002/aenm.201400064
http://dx.doi.org/10.1021/nn3012916
http://www.ncbi.nlm.nih.gov/pubmed/22554307
http://dx.doi.org/10.1002/adma.201205064
http://www.ncbi.nlm.nih.gov/pubmed/23580421
http://dx.doi.org/10.1021/nl2013828
http://www.ncbi.nlm.nih.gov/pubmed/21667923
http://dx.doi.org/10.1016/j.electacta.2014.02.113
http://dx.doi.org/10.1016/j.jpowsour.2008.10.080
http://dx.doi.org/10.1016/j.compscitech.2014.08.023
http://dx.doi.org/10.1016/j.compscitech.2014.07.019
http://dx.doi.org/10.1038/nmat1849


Materials 2019, 12, 1245 10 of 11

10. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R.D.;
Nguyen, S.B.T.; Ruoff, R.D. Graphene-based composite materials. Nature 2006, 442, 282–286. [CrossRef]
[PubMed]

11. Geim, A.K. Graphene: Status and prospects. Science 2009, 324, 1530–1534. [CrossRef]
12. El-Kady, M.F.; Strong, V.; Dubin, S.; Kaner, R.B. Laser Scribing of high-performance and flexible

Graphene-based electrochemical capacitors. Science 2012, 335, 1326–1330. [CrossRef] [PubMed]
13. Ji, L.; Meduri, P.; Agubra, V.; Xiao, X.; Alcoutlabi, M. Graphene-based nanocomposites for energy storage.

Adv. Mater. 2016, 6, 1502159. [CrossRef]
14. Hassan, M.; Reddy, K.R.; Haque, E.; Faisal, S.N.; Ghasemi, S.; Minett, A.I.; Gomes, V.G. Hierarchical

assembly of graphene/polyaniline nanostructures to synthesize free-standing supercapacitor electrode.
Compos. Sci. Technol. 2014, 98, 1–8. [CrossRef]

15. Wang, J.; Li, B.; Ni, T.; Dai, T.; Lu, Y. One-step synthesis of iodine doped polyaniline-reduced graphene oxide
composite hydrogel with high capacitive properties. Compos. Sci. Technol. 2015, 109, 12–17. [CrossRef]

16. Pullini, D.; Siong, V.; Tamvakos, D.; Ortega, B.L.; Sgroi, M.F.; Veca, A.; Glanz, C.; Kolaric, I.; Pruna, A.
Enhancing the capacitance and active surface utilization of supercapacitor electrode by graphene nanoplatelets.
Compos. Sci. Technol. 2015, 112, 16–21. [CrossRef]

17. Moussa, M.; El-Kady, M.F.; Abdel-Azeim, S.; Kaner, R.B.; Majewski, P.; Ma, J. Compact, flexible
conducting polymer/graphene nanocomposites for supercapacitors of high volumetric energy density.
Compos. Sci. Technol. 2018, 160, 50–59. [CrossRef]

18. Belanger, D.; Brousse, T.; Long, J.W. Manganese oxides: battery materials make the leap to electrochemical
capacitors. Electrochem. Soc. Interface 2008, 17, 49–52.

19. Lee, J.W.; Hall, A.S.; Kim, J.-D.; Mallouk, T.E. ChemInform Abstract: A Facile and template-free hydrothermal
synthesis of Mn3O4 nanorods on graphene sheets for supercapacitor electrodes with long cycle stability.
Chem. Mater. 2012, 43, 1158–1164. [CrossRef]

20. Park, K.W. Carboxylated graphene oxide-Mn2O3 nanorod composites for their electrochemical characteristics.
J. Mater. Chem. A 2014, 2, 4292–4298. [CrossRef]

21. Song, M.-K.; Cheng, S.; Chen, H.; Qin, W.; Nam, K.-W.; Xu, S.; Yang, X.-Q.; Bongiorno, A.; Lee, J.; Bai, J.;
et al. Anomalous pseudocapacitive behavior of a nanostructured, mixed-valent manganese oxide film for
electrical energy storage. Nano Lett. 2012, 12, 3483–3490. [CrossRef] [PubMed]

22. Hummers, W.S., Jr.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
23. Alonso, E.; Hutter, C.; Romero, M.; Steinfeld, A.; Gonzalez-Aguilar, J. Kinetics of Mn2O3-Mn3O4 and

Mn3O4-MnO redox reactions performed under concentrated thermal radiative flux. Energy Fuels 2013, 27,
4884–4890. [CrossRef]

24. Dang, T.-D.; Banerjee, A.N.; Joo, S.W.; Min, B.-K. Effect of potassium ions on the formation of crystalline
manganese oxide nanorods via acidic reduction of potassium permanganate. Ind. Eng. Chem. Res. 2013, 52,
14154–14159. [CrossRef]

25. Tuinstra, F.; Koenig, J.L. Raman spectrum of graphite. J. Chem. Phys. 1970, 53, 1126–1130. [CrossRef]
26. Sun, Y.; Hu, X.; Luo, W.; Xia, F.; Huang, Y. Reconstruction of conformal nanoscale MnO on graphene as a

high-capacity and long-life anode Material for lithium ion batteries. Adv. Funct. Mater. 2013, 23, 2436–2444.
[CrossRef]

27. Nesbitt, H.W.; Banerjee, D. Interpretation of XPS Mn(2p) spectra of Mn oxyhydroxides and constraints on
the mechanism of MnO2 precipitation. Am. Miner. 1998, 83, 305–315. [CrossRef]

28. Biesinger, M.C.; Payne, B.P.; Grosvenor, A.P.; Lau, L.W.; Gerson, A.R.; Smart, R.S. Resolving surface chemical
states in XPS analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni.
Appl. Surf. Sci. 2011, 257, 2717–2730. [CrossRef]

29. Huang, X.; Hu, N.; Gao, R.; Yu, Y.; Wang, Y.; Yang, Z.; Kong, E.S.-W.; Wei, H.; Zhang, Y. Reduced graphene
oxide-polyaniline hybrid: Preparation, characterization and its applications for ammonia gas sensing.
J. Mater. Chem. 2012, 22, 22488–22495. [CrossRef]

30. Adelkhani, H.; Ghaemi, M.; Jafari, S.M. Novel nanostructured MnO2 prepared by pulse electrodeposition:
Characterization and electrokinetics. J. Mater. Sci. Technol. 2008, 24, 857–862.

31. Yu, H.; Xin, G.; Ge, X.; Bulin, C.; Li, R.; Xing, R.; Zhang, B. Porous graphene-polyaniline nanoarrays composite
with enhanced interface bonding and electrochemical performance. Compos. Sci. Technol. 2018, 154, 76–84.
[CrossRef]

http://dx.doi.org/10.1038/nature04969
http://www.ncbi.nlm.nih.gov/pubmed/16855586
http://dx.doi.org/10.1126/science.1158877
http://dx.doi.org/10.1126/science.1216744
http://www.ncbi.nlm.nih.gov/pubmed/22422977
http://dx.doi.org/10.1002/aenm.201502159
http://dx.doi.org/10.1016/j.compscitech.2014.04.007
http://dx.doi.org/10.1016/j.compscitech.2015.01.008
http://dx.doi.org/10.1016/j.compscitech.2015.03.004
http://dx.doi.org/10.1016/j.compscitech.2018.02.033
http://dx.doi.org/10.1021/cm203697w
http://dx.doi.org/10.1039/c3ta14223j
http://dx.doi.org/10.1021/nl300984y
http://www.ncbi.nlm.nih.gov/pubmed/22681539
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1021/ef400892j
http://dx.doi.org/10.1021/ie4013826
http://dx.doi.org/10.1063/1.1674108
http://dx.doi.org/10.1002/adfm.201202623
http://dx.doi.org/10.2138/am-1998-3-414
http://dx.doi.org/10.1016/j.apsusc.2010.10.051
http://dx.doi.org/10.1039/c2jm34340a
http://dx.doi.org/10.1016/j.compscitech.2017.11.010


Materials 2019, 12, 1245 11 of 11

32. Ruetschi, P. Cation-vacancy model for MnO2. J. Electrochem. Soc. 1984, 131, 2737–2744. [CrossRef]
33. Mefford, J.T.; Hardin, W.G.; Dai, S.; Johnston, K.P.; Stevenson, K.J. Anion charge storage through oxygen

intercalation in LaMnO3 perovskite pseudocapacitor electrodes. Nat. Mater. 2014, 13, 726–732. [CrossRef]
[PubMed]

34. Mai, L.Q.; Minhas-Khan, A.; Tian, X.; Hercule, K.M.; Zhao, Y.L.; Lin, X.; Xu, X. Synergistic interaction between
redox-active electrolyte and binder-free functionalized carbon for ultrahigh supercapacitor performance.
Nat. Commun. 2013, 4, 2923–2929. [CrossRef] [PubMed]

35. Li, Q.; Sun, X.; Lozano, K.; Mao, Y. Asymmetric supercapacitors with dominant pseudocapacitance based on
manganese oxide nanoflowers in a neutral aqueous electrolyte. RSC Adv. 2013, 3, 24886–24890. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1149/1.2115399
http://dx.doi.org/10.1038/nmat4000
http://www.ncbi.nlm.nih.gov/pubmed/24880729
http://dx.doi.org/10.1038/ncomms3923
http://www.ncbi.nlm.nih.gov/pubmed/24327172
http://dx.doi.org/10.1039/c3ra45140b
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of GO 
	Preparation of MnOx/rGO Nanocomposites 
	Characterization 
	Electrochemical Measurements 

	Results and Discussion 
	Materials Characterization 
	Electrochemical Properties 

	Conclusions 
	References

