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O
ver the past few years, consider-
able effort has been devoted to
the development of alternative

energy storage/conversion devices with
high power and energy densities because
of the ever-increasing environmental prob-
lems and the up-coming depletion of fossil
fuels.1�3 As an intermediate system be-
tween dielectric capacitors and batteries,
supercapacitors have attracted a great deal
of attention owing to their higher power
densities relative to secondary batteries and
traditional electric double-layer
capacitors.4,5

The research on carbon nanotubes
(CNTs) has drawn great attention because
of their widespread applications in fields
such as catalysts, sensors, supercapacitors,
and so on.6 Recently the study of graphenes
became another hot topic owing to their
monolayer arrangement of carbon atoms
in a honeycomb network, which can be
considered as an unrolled CNT.7�9

Graphene oxide (GO), one of the most im-
portant derivatives of graphene, is charac-

terized by a layered structure with oxygen

functional groups bearing on the basal

planes and edges.10�13 The utilization of

various carbonaceous material, such as acti-

vated carbons, carbon fibers, and CNTs, as

the electrode materials for supercapacitors

has been investigated extensively.14�17

However, to our best knowledge, little work

has been carried out on the application of

GOs in supercapacitors.18�20

Manganese dioxide (MnO2) is one of

the most stable manganese oxides with

excellent physical and chemical proper-

ties under ambient conditions.21�24 In

particular the rich polymorphism and

structural flexibility of these compounds

have allowed them a wide range of appli-

cations including catalysis, biosensors,

energy storage, and so on.25,26 As a po-

tentially excellent electrode material for

the replacement of RuO2 in supercapaci-

tors, MnO2 electrodes have exhibited dis-

tinguished properties owing to their high

specific capacitance, environmental com-

patibility, and cost effectiveness.27�30

Generally, there are two types of super-

capacitors based on the electrode materi-

als: (1) high surface area, inert and conduc-

tive materials that store and release energy

by nanoscopic charge separation at the

electrochemical interface between an elec-

trode and an electrolyte and (2) some redox

active materials that use fast, reversible

redox reactions at the surface of active

materials, which is known as the

pseudocapacitance.5,31�33 The carbon-

aceous nanostructures (like CNTs, active car-

bon, and graphene) are commonly studied

as electrodes for electrochemical double

layer capacitors (EDLCs); while transition

metal oxides, including MnO2, are promis-

ing material for pseudocapacitors.
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ABSTRACT A composite of graphene oxide supported by needle-like MnO2 nanocrystals (GO�MnO2

nanocomposites) has been fabricated through a simple soft chemical route in a water�isopropyl alcohol system.

The formation mechanism of these intriguing nanocomposites investigated by transmission electron microscopy

and Raman and ultraviolet�visible absorption spectroscopy is proposed as intercalation and adsorption of

manganese ions onto the GO sheets, followed by the nucleation and growth of the crystal species in a double

solvent system via dissolution�crystallization and oriented attachment mechanisms, which in turn results in the

exfoliation of GO sheets. Interestingly, it was found that the electrochemical performance of as-prepared

nanocomposites could be enhanced by the chemical interaction between GO and MnO2. This method provides a

facile and straightforward approach to deposit MnO2 nanoparticles onto the graphene oxide sheets (single layer

of graphite oxide) and may be readily extended to the preparation of other classes of hybrids based on GO sheets

for technological applications.

KEYWORDS: MnO2 nanocrystals · hybrid material · graphene
oxide · supercapacitors · capacitance
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Herein, we present an approach of using GO�MnO2

nanocomposites as electrode material for supercapaci-

tors. To the best of our knowledge, few studies on the

preparation of GO�MnO2 nanocomposites have been

reported so far. The electrochemical properties of as-

obtained nanocomposites with different mass ratios

were investigated, together with their individual com-

ponents (nano-MnO2 and GO) and bulk MnO2 for com-

parison. Moreover, the possible formation mechanism

of these nanocomposites was derived. Most impor-

tantly, our experiments suggest that the application of

the double solvent system plays a significant role in an-

choring needle-like MnO2 onto GO sheets and that the

growth of these crystals in turn is of great benefit to fur-

ther exfoliating GO.

RESULTS AND DISCUSSION
Typical XRD patterns and Raman spectra of GO and

CMG3 (chemically synthesized GO�MnO2 nanocompos-

ites when the feeding ratio of MnO2/GO is 3/1; the

mass of MnO2 is calculated by MnCl2 according to the

reaction: 2KMnO4 � 3MnCl2 � 2H2O ¡ 5MnO2 � 2KCl

� 4HCl) are presented in Figure 1. The spectral features

of nanocomposites with other feeding ratios are simi-

lar. As displayed in Figure 1a, the most intensive peak of

GO at around 2� � 10.2° corresponds to the (001) re-

flection, and the interlayer spacing (0.87 nm) was much

larger than that of pristine graphite (0.34 nm) due to

the introduction of oxygen-containing functional

groups on the graphite sheets.34 The diffraction peaks

of as-synthesized CMG3 are similar to those of a nan-

otetragonal phase of �-MnO2 (JCPDS 44-0141, a �

9.7845 Å, c � 2.8630 Å), where the (001) reflection peak

of layered GO has almost disappeared. Our results cor-
relate well with the previous studies that the diffraction
peaks become weakened or even disappear whenever
the regular stacks of GO are exfoliated.35 Moreover,
there are seldom differences between GO and CMG3

from the Raman spectra in the range of 1200�1800
cm�1 (Figure 1b), indicating that GO was not reduced
under the applied conditions and existed as a compo-
nent of CMG3. This conclusion is also supported by the
results from XRD, Raman, and FTIR spectroscopies of GO

and GOI (GO treated with isopropyl alcohol, see Meth-

ods) in Figure 1S (Supporting Information). Thus it is

safe for us to derive that GO with its destroyed layered

structure and �-MnO2 in a tetragonal phase coexist in

the prepared nanocomposites.

The heterostructure of these nanocomposites can

be verified by morphological analyses. Figure 2a re-

veals that GO sheets are multilayers with diameters of

a few micrometers, while nano-MnO2 (Figure 2b) shows

needle-like morphology with typical diameters of

20�50 nm and lengths of 200�500 nm. Figure 2 c�f

is the representative TEM images of as-synthesized

nanocomposites (take CMG3 for example). It can be

Figure 1. (a) XRD patterns (b) Raman spectra of GO and CMG3.

Figure 2. (a, b) TEM images of GO and nano-MnO2; (c, d)
bright-field and dark-field images of CMG3; (e, f) the HRTEM
images of a MnO2 nanoneedle.
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clearly seen from Figure 2c that the GO sheets have

been exfoliated and decorated randomly with the MnO2

nanoneedles; consistent with the XRD observations. In-

terestingly, no obvious difference in the morphology of

MnO2 in Figure 2b and c suggests a similar growth pro-

cess for the crystals on and out of the GO supports.

Comparing the bright-field and dark-field TEM images

in Figure 2c,d, the single layered graphene oxide sheet

can be clearly distinguished from the background. Re-

markably, we find that some MnO2 nanoneedles are

brighter than others which seem to be enveloped by a

thin film. Since the functional groups, such as hydroxyl
and epoxy groups, are attached to both sides of GO
sheets, the MnO2 nanoneedles appear on both side
of the support: some locate above the graphene
oxide sheet, while others lie the back of the
sheet.36

The tip of a MnO2 nanoneedle is shown in Figure
2e,f. It can be clearly seen from Figure 2e that the
nanoneedle is actually composed of a few primary
nanorods aggregated along the lateral faces. The
nanorods of the center portions are longer than oth-
ers, giving an indication that the oriented attach-
ment mechanism played an important role in the
formation of the nanoneedles.37 Additionally, the
lattice fringes with interplanar distances of approxi-
mately 0.7 nm shown in Figure 2f correspond to the
(110) plane of the tetragonal �-MnO2 structure,
which is consistent with XRD results.37,38 All our ex-
periments confirm unambiguously that �-MnO2

nanoneedles have been successfully attached onto
the exfoliated GO sheets.

To investigate the formation process of the
GO�MnO2 nanocomposites, some samples of CMG3

were taken directly from the reaction mixture at dif-
ferent time intervals, and analyzed by TEM, UV�vis,
and Raman measurements. As displayed in Figure 3a,
the samples, with a time duration of 10 s, were GO
sheets with disordered precursors on their surfaces.
Figure 3b�e show TEM images of CMG3 samples
with the reaction proceeding from 1 to 10 min; the
less ordered precursors on the GO sheets gradually
disappeared with the emergence of more nano-
needles via a dissolution�crystallization mecha-
nism. The morphology for samples (Figure 3f) with
a longer reaction time of 30 min displayed no pro-
nounced distinction, suggesting the crystal growth
process was almost completed after a reaction time
of 10 min.

This conclusion can also be supported by UV�vis
and Raman spectroscopies. As observed in Figure 4,
the UV�vis absorption peak of MnO2 gradually red-
shifted from 413.0 to 436.1 nm (corresponding to d�d
transitions of Mn ions in MnO2 nanocrystals39) when the
reaction proceeded from 10 s to 10 min, due to the in-
creased particle sizes of MnO2,40,41 whereas the absorp-
tion peak of GO centered at 234.1 nm (corresponding
to � ¡ �* transitions of aromatic C�C bonds42) gradu-
ally blueshifted to 216.5 nm simultaneously, which can
be attributed to the exfoliation of layered GO sheets
within the duration.41 Raman spectra of the CMG3

samples collected at different time intervals are shown
in Figure 5. Commonly, the Raman peak area is quanti-
tatively related to the concentration of the particular
species.13 It can be clearly seen from Figure 5a that
there are two diagnostic peaks of GO centered around
1360 and 1600 cm�1, corresponding to the breathing
mode of �-point phonons of A1g symmetry and the

Figure 3. TEM images of CMG3 samples collected at differ-
ent time intervals: (a) 10 s, (b) 1 min, (c) 3 min, (d) 5 min, (e)
10 min, (f) 30 min.

Figure 4. (a) UV�vis spectra of CMG3 samples collected at differ-
ent time intervals; (b) plot of UV�vis peak position of CMG3

samples as a function of reaction time.
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first-order scattering of the E2g phonons, respec-
tively.43 The sharp peak around 640 cm�1, labeled
as C, is assigned to the Mn�O vibrations perpen-
dicular to the direction of the MnO6 octahedral
double chains of MnO2.39 So the C/(D�G) peak area
ratio can be employed here to reveal the proportion
of MnO2/GO in the nanocomposites. The plot of the
C/(D�G) peak area ratio as a function of reaction
time of CMG3 is displayed in Figure 5b; the value in-
creases from 0.36 to 0.69 when the reaction time in-
creases from 10 s to 10 min, suggesting the growth
of crystal species to form MnO2 nanocrystals within
that period. The variation in intensity might be at-
tributed to the different microscopic areas selected
for Raman detection. Moreover, negligible differ-
ences observed in both UV�vis and Raman spectra
after 10 min provide more evidence for the com-
pleteness of the reaction,44 strengthened the TEM
observations. This phenomenon is slightly different
from our previous studies when in the absence of
GO, nano-MnO2 with needle-like shapes formed in
only about 5 min.40 Therefore, GO is speculated to
be a retardant in the growth of MnO2 nanocrystals.

On the basis of our experimental results, a mecha-
nism to interpret the formation of as-obtained
GO�MnO2 nanocomposites is put forward, as shown
in Scheme 1. As shown by previous studies, GO sheets
have their basal planes decorated mostly with epoxy
and hydroxyl groups, while carbonyl and carboxyl
groups are located at the edges. These functional
groups, acting as anchor sites, enable the subsequent
in situ formation of nanostructures attaching on the sur-
faces and edges of GO sheets.36 The structural frame-
work of MnO2 is made of basic MnO6 octahedron units,
which are linked in different ways to produce MnO2

crystals with different crystallographic forms and
morphologies.28,37

At the initial stage, Mn2� ions, formed by the disso-
lution of MnCl2 · 4H2O in isopropyl alcohol, favorably
bind with the O atoms of the negatively charged
oxygen-containing functional groups on GO sheets via
an electrostatic force. With the addition of a solution of
KMnO4 at a relatively higher temperature (approxi-
mately 83 °C), a large number of nuclei were formed in
a short time from the redox reaction occurring between
Mn2� and Mn7�. The Mn atoms of the MnO6 octahe-
dron may form bonds with O atoms of the functional
groups via an intermolecular hydrogen bond or a cova-
lent coordination bond, acting as anchor sites for the
crystals to grow.

In the case of the formation of needle-like MnO2,
our previous study provides a reasonable interpreta-
tion for this phenomenon.40 Specifically, the ratio
of DI-water/isopropyl alcohol and the manner of
adding the KMnO4 solution play an important role
in governing the morphology of the prepared prod-
ucts. It is documented that the (001) faces of MnO2

crystals are the most energetic ones,37 and that

H2O molecules coordinate with MnO6 octahedron

units more easily than isopropyl alcohol due to the

polarity, steric hindrance, electrostatic effect, etc.45

Therefore, H2O molecules will interact with the O at-

oms of MnO6 units in the (001) direction in priority.

With the addition of a smaller amount of water

(H2O/isopropyl alcohol � 5:50 mL), thermodynami-

cally only O atoms along the (001) direction would

bind with H2O molecules, whereas the ones in other

directions would coordinate with isopropyl alcohol.

It should be noted that the coordination of H2O and

isopropyl alcohol with the O atoms of MnO6 has a discrep-

ant effect on the packing of the crystal growing species.

The intermolecular hydrogen bonds formed among the

H2O coordinated species make the species favorable to

form highly ordered aggregates; whereas a shortage of

such strong intermolecular interactions in isopropyl alco-

hol coordinated species leads the crystal stacking to be

disordered. As a result, the overall system had only one

preferable crystal growth direction, for the case with less

water (5 mL) employed, yielding MnO2 with a 1D

nanostructure.

Significantly, the manner of adding KMnO4 solution

exerts an influence on the formation and stacking of

the nuclei in the crystal growth process. A rapid intro-

duction of KMnO4 solution causes the formation of a

large amount of growing species in a short time.

Dissolution�crystallization and oriented attachment

are two simultaneous processes in crystal growth,37 and

kinetically, the center of the primary nanorod has a

higher growing speed compared with the other direc-

tions, thus needle-like products are produced in the

end.

Moreover, as indicated by the results of UV�vis

measurements, the exfoliation of GO sheets and the

growth of crystals are two simultaneous processes.

Thus, the growth of in situ formed crystals may also in

turn contribute to the destruction of regular layered GO

Figure 5. (a) Raman spectra of CMG3 samples collected at different
time intervals; (b) plot of C/(D�G) peak area ratio of CMG3 samples as
a function of reaction time.
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sheets and the formation of exfoliated graphene

oxide.36

Furthermore, as reported by previous studies,

KMnO4 can also react with carbonaceous materials,

such as CNTs, active carbon, etc, forming manganese

oxide�carbon composites.46�48 Thus controlled ex-

periments using only GO and KMnO4 as the precursors

via a similar procedure were conducted. But few MnO2

nanoneedles can be observed (Figure 2S, Supporting

Information). On the other hand, nano-MnO2 synthe-

sized chemically in the absence of GO via a similar pro-

cedure shows a needle-like morphology (Figure 2b). So

it is speculated that the formation of needle-like MnO2

may be attributable to the direct reaction between

MnCl2 · 4H2O and KMnO4 in the water�isopropyl alco-

hol system as reported by our previous study.40 Further

studies on the growth mechanism and the effects of

other reaction parameters (such as solvents, manga-

nese precursors, concentrations, reaction time, and pH)

are still in progress.

To explore the potential applications of as-

synthesized nanocomposites, the samples were fabri-

cated into supercapacitor electrodes and characterized

with cyclic voltammograms (CVs) and galvanostatic

Scheme 1. The formation mechanism for GO�MnO2 nanocomposites.
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charge/discharge measurements. CV response of as-

synthesized samples carried out at a scan rate of

5 mV · s�1 in the potential range of 0�1 V using 1 M

Na2SO4 aqueous electrolyte solution is shown in Figure

6. The rectangular and symmetric CV curves of nano-

MnO2 indicate the ideal pseudocapacitive nature of

the fabricated electrode, while the lack of symmetry in

CMG0.5, CMG3, and CMG15 is probably due to combined

double-layer and pseudocapacitive contribution to the

total capacitance.49 Interestingly, with the feeding ra-

tio of MnO2/GO increasing from 0.5 to 15, CV plots of

CMGratio became more close to that of the nano-MnO2

(Figure 6a), which can be attributed to the incremental

pseudocapacitive contribution to the overall

capacitance.

Moreover, the average areas of CV curves of these

samples were calculated. Since Cs is proportional to

the average areas of CVs,50 the results shown in Fig-

ure 6c indicate that Cs of CMGratio increases with the

ratio of MnO2/GO from 0.5 to 10. Nevertheless, no

obvious difference can be founded when the ratio

is higher than 10, such as CMG10, CMG15, and CMG20

(not shown), suggesting they have nearly the same

value of Cs.

Of note is that Cs of the nano-MnO2 is much

higher than that of its bulk counterpart, probably

owing to the shape- and size-dependent properties

appearing on the nanoscale. As reported by Devaraj

et al.,28 two factors are thought to make contribu-

tions to the high Cs: (1) higher specific area of nano-

scale MnO2 over the bulk one and (2) good align-

ment of nanoneedles that can provide well-ordered

tunnels, convenient for insertion/extraction of alkali

cations into/from MnO2.

To get more information about the potential of as-

synthesized GO�MnO2 nanocomposites as electrode

materials for supercapacitors, galvanostatic charge/dis-

charge measurements were carried out in 1 M Na2SO4

between 0 and 1 V at a current density of 200 mA · g�1.

As illustrated in Figure 7a, during the charging and dis-

charging steps, the charge curve of CMG15 is almost

symmetric to its corresponding discharge counterpart

with a slight curvature, indicating the pseudocapacitive

contribution along with the double layer contribution.

The Cs is calculated according to Cs � I � 	t/(	V � m)

from the discharge curves, where I is the constant dis-

charge current, 	t is the discharge time, and 	V is the

potential drop during discharge;4 the Cs values of

Figure 6. CVs of (a) CMG0.5, CMG3, CMG15; (b) bulk MnO2, GO, CMG15, and nano-MnO2 at 5 mV · s�1 in 1 M Na2SO4 solution; (c) plot of av-
erage area of CV curves as a function of different ratios of CMGratio.

Figure 7. (a) Galvanostatic charge/discharge curves of CMG15, nano-MnO2, GO, and bulk MnO2 at 200 mA · g�1; (b) galvanostatic
charge/discharge curves of CMG15 at 150, 200, 500, and 1000 mA · g�1; (c) cycle life of CMG15 and nano-MnO2 at 200 mA · g�1 in 1 M
Na2SO4 solution.
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CMG15, nano-MnO2, GO, and bulk MnO2 are 197.2, 211.2,
10.9, and 6.8 F · g�1, respectively. These values are
mainly consistent with the order indicated by the CVs.

Thermogravimetric analyses (TGA) was employed
to determine actual content of each component in
CMG15 (Figure 3S, Supporting Information). The experi-
ments were performed from 50 to 700 °C at a heating
rate of 20 °C · min�1 in air flow; the GO sheets were
burned up while MnO2 was turned into Mn2O3.41,51 The
weight loss of GO, nano-MnO2, and CMG15 is found to
be 88.1%, 7.2%, and 14.6%, respectively. Accordingly,
the mass ratio of MnO2/GO can be derived to be 9.8/1.
Assuming proportional contributions from the compo-
nents (211.2 F · g�1 of nano-MnO2 and 10.9 F · g�1 of
GO) to the overall capacitance, the Cs of the compos-
ites is derived to be 192.7 F · g�1, close to that of as-
synthesized CMG15 (197.2 F · g�1).

On the basis of the above results, CMG15 was se-
lected for further charge�discharge performance mea-
surements. Cs calculated at 150, 200, 500, and 1000
mA · g�1 is 216.0, 197.2, 141.5, and 111.1 F · g�1, respec-
tively (Figure 7b). About 51.4% of Cs was retained when
the current density increased from 150 to 1000
mA · g�1. We ascribe this to the discrepant
insertion�deinsertion behaviors of alkali ion (Na�)
from the electrolyte to MnO2. At a low current density
(150 mA · g�1), the diffusion of ions from the electrolyte
can gain access to almost all available pores of the elec-
trode, leading to a complete insertion reaction, and
therefore a higher Cs. However, with the increment of
current density, the effective interaction between the
ions and the electrode is greatly reduced, and as a re-
sult there is a reduction in capacitance.1

Furthermore, the electrochemical stability of
CMG15 and nano-MnO2 is investigated in the range
of 0�1 V at 200 mA · g�1 in 1 M Na2SO4 aqueous so-
lution (Figure 7c). It is found that the CMG15 elec-
trode retained about 84.1% (165.9 F · g�1) of initial
capacitance after 1000 cycles, while that of the nano-
MnO2 retained only about 69.0% (145.7 F · g�1). The
discrepant electrochemical stability between CMG15

and nano-MnO2 may be attributable to the different
double-layer and pseudocapacitive contributions.
As well-known, the double-layer process only in-
volves a charge rearrangement, while pseudocapac-
itive is related to a chemical reaction, and the
double-layer capacitors have a better electrochemi-
cal stability but lower CS as compared with those of
pseudocapacitators.52 Accordingly, as-synthesized
CMG15, making more double-layer contribution com-
pared to that of nano-MnO2 owning to the pres-
ence of GO, have a slightly lower Cs than the latter;
however, its electrochemical stability was obviously
enhanced. Although in a real capacitor, a two-
electrode cell is recommended, we believe these re-
sults calculated from a three-electrode cell are still
valuable for materials investigation.

Meanwhile, because graphene has a good electro-
chemical double layer performance in strong alkaline
electrolyte solution,20,53 further electrochemical mea-
surements employing 6 M KOH solution as electrolyte
and Hg/HgO as reference electrode were carried out to
explore their electrochemical behaviors in alkaline elec-
trolyte (Figure 4S, Supporting Information). Unfortu-
nately, none of the CV plots could show the character-
istic of a capacitor, rather than that of a battery.
Nevertheless, by calculating the average area of CVs, it
is interesting to find that the charge storage capacity of
as-prepared samples is greatly influenced by the feed-
ing ratios; the nanocomposites with a feeding ratio of
MnO2/GO (15:1) acquired the highest charge storage ca-
pacity, which is much higher than each individual com-
ponent (nano-MnO2 and GO), bulk MnO2, and MMG15

(mechanically mixed composite with a mass ratio of
MnO2/GO (9.8/1) for the actual MnO2/GO mass ratio of
CMG15 is 9.8/1 as determined by TGA). The charge stor-
age capacities of these samples quantitatively decrease
in the following order: CMG15 
 MMG15 
 nano-MnO2


 GO 
 bulk MnO2 (Figure 4Sa�c, Supporting Informa-
tion). Thus a synergistic effect is observed in this sys-
tem. By comparing the TEM and FESEM images of CMG3

and CMG15 (Figure 5S, Supporting Information), MnO2

nanoneedles are found to be located in two regions, on
the GO sheets and outside the supports. With an incre-
ment of the feeding ratio of MnO2/GO from 3 to 15,
more MnO2 was anchored on the GO sheets, with more
nanoneedles outside the supports. Accordingly, we
speculate that the synergistic effect comprises two
components, chemical binding and mechanical interac-
tions. Since the charge storage capacity of CMG15 is
higher than that of MMG15, the decoration of MnO2 on
GO sheets, or the formation of chemical bonds between
MnO2 and GO, is speculated to play an essential role in
the synergistic effect. Additionally, MMG15 possesses a
higher charge storage capacity as compared to each in-
dividual component (nano-MnO2 and GO), thus the
scattered MnO2 that interacts with the GO sheets via
mechanical interaction is also speculated to contribute
to the strong electrochemical behaviors of the pro-
duced nanocomposites.

It should be noted that the cycle life of MnO2 in al-
kali solution can be improved by the doping of other el-
ements like Bi, Pb, etc.,54 therefore, our synthesized
composites also have potential applications as the elec-
trode material for rechargeable batteries.

CONCLUSIONS
We have demonstrated that GO�MnO2 nanocom-

posites can be prepared via a simple solution ap-
proach at low temperature without the use of any
templates or surfactants. In our procedure, an iso-
propyl alcohol�water solution was employed as the
reacting system, which is beneficial for the oriented
growth of the crystal species to form 1D MnO2, re-
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sulting in the exfoliation of GO sheets. The integra-
tion of GO and the needle-like MnO2 crystals enables
such composites to possess good electrochemical
behaviors that are useful as electrode material for

supercapacitors. In addition, the prepared materials
are expected to have potential applications as cata-
lysts, absorbents, and electrodes for other electronic
devices.

METHODS
Synthesis of GO�MnO2 Nanocomposites. GO was prepared from

powdered flake graphite (400 mesh) by a modified Hummers
method as described previously.55,56 Nanocomposites with dif-
ferent feeding ratios of MnO2/GO were synthesized. The typical
route, for example, when the feeding ratio of MnO2/GO is 3:1, is
as follows: GO (0.066 g) and MnCl2 · 4H2O (0.27 g) were dispersed
in isopropyl alcohol (50 mL), with ultrasonication for 0.5 h. Sub-
sequently, the slurry was heated to approximately 83 °C in a wa-
ter cooled condenser with vigorous stirring, and KMnO4 (0.15 g)
dissolved in 5 mL of deionized (DI) water was added rapidly into
the above boiling solution. After refluxing for 0.5 h, the mixture
began to cool to room temperature. The nanocomposite, labeled
as CMGratio (e.g., CMG3, CMG15 and CMG20) was then centrifuged,
washed, and finally dried in air at 60 °C overnight. For compari-
son, nano-MnO2 was synthesized chemically in the absence of
GO via a similar procedure. Furthermore, to investigate the ef-
fect of isopropyl alcohol on the reduction of GO, the sample re-
ferred to as GOI (GO treated with isopropyl alcohol) was pre-
pared without using manganese precursors and keeping the
other experimental conditions unaltered. The controlled experi-
ments using only GO and KMnO4 as the precursors via a similar
procedure were conducted to investigate the reaction between
KMnO4 and GO.

Characterization. Powder X-ray diffraction (XRD) analyses were
performed on a Bruker D8 Advance diffractometer with Cu K� ra-
diation (� � 1.54 Å). UV�vis absorption and/or transmission
spectra were obtained using a BRAIC UV-1201 spectrophotome-
ter. Raman spectra were run on a Renishaw Raman microscope.
FT-IR spectra of KBr powder pressed pellets were recorded on a
Bruker VECTOR 22 spectrometer. Thermogravimetric analyses
(TGA) were performed on a TGA/SDTA851e thermogravimetric
analyzer from 50 to 700 °C at a heating rate of 20 °C · min�1 in air
flow. Morphologies of as-obtained products were observed on
a transmission electron microscope (TEM, JEOL JEM-2100) and
field emission scanning electron microscopy (FESEM, LEO-1550).
To investigate the mechanism of the overall procedure, samples
taken from the reaction mixture at different time intervals were
subjected to TEM, UV�vis, and Raman analyses.

Electrochemical Measurement. The electrochemical properties of
as-obtained products were investigated under a three-electrode
cell configuration at room temperature. The working electrodes
were fabricated by mixing the prepared powders with 15 wt %
acetylene black and 5 wt % polytetrafluorene-ethylene (PTFE)
binder. A small amount of DI-water was added to the mixture
to produce a homogeneous paste. The mixture was pressed onto
nickel foam current-collectors (1.0 cm �1.0 cm) to make elec-
trodes. The mass of the active material was in a range of
5.6�15.2 mg. Before the electrochemical test, the prepared elec-
trode was soaked overnight in a 1 M Na2SO4 solution. Electro-
chemical characterization was carried out in a conventional
three-electrode cell with 1 M Na2SO4 aqueous solution as the
electrolyte. Platinum foil and a saturated calomel electrode (SCE)
were used as the counter and reference electrodes, respec-
tively. Additionally, to investigate the electrochemical behaviors
of as-synthesized samples in strong alkaline solution, 1 M Na2SO4

was replaced by 6 M KOH as electrolyte, with the SCE replaced
by Hg/HgO as reference electrode. CV measurements were con-
ducted on a CHI 660B electrochemical workstation (Shanghai CH
Instrument Company, China). The galvanostatic
charge�discharge measurement was performed on a Land Bat-
tery workstation at 22 °C (Wuhan Land Instrument Company,
China).
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