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ABSTRACT: Graphene/Mn;O, composites were prepared
by a simple hydrothermal process from KMnO, using ethylene
glycol as a reducing agent. Mn;O, nanorods of 100 nm to 1 ym
length were observed to be well-dispersed on graphene sheets.
To assess the properties of these materials for use in super-
capacitors, cyclic voltammetry and galvanostatic charging—
discharging measurements were performed. Graphene/Mn;0,
composites could be charged and discharged faster and had

higher capacitance than free Mn;O, nanorods. The capacitance
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of the composites was 100% retained after 10 000 cycles at a charging rate of 5 A/g.
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1. INTRODUCTION

In the 2Ist century, energy storage has emerged as a key
technological challenge. Because of the intrinsically high efficiency
of electrochemical energy conversion and its compatibility with
power generation from solar, wind, and nuclear resources, there is
growing interest in the development of low-cost, high-power
electrochemical energy-storage devices." Among them, super-
capacitors have received much attention for applications in hybrid
electric vehicles, electrical vehicles, portable electronic devices,
and backup power.”

There are two kinds of supercapacitors, which are differ-
entiated by their charge-storage mechanisms. In electrical double-
layer capacitors, charge is stored by rapid adsorption/desorption
of electrolyte ions on high-surface-area carbon materials. In
pseudocapacitors, charge is stored and released in Faradaic
electron-transfer processes of a metal oxide or conducting poly-
mer. It is also possible to combine carbon materials with metal
oxides or conducting polymers. Supercapacitors deliver energy at
high charge—discharge rates, so they have higher power density
than other energy-storage devices such as lithium-ion batteries
and fuel cells. However, they also have lower energy densities
than batteries and fuel cells. Therefore, an important application
of supercapacitors is to assist higher energy density storage
devices under intermittent high-power conditions.

Among the pseudocapacitors, RuO, has been extensively
studied in electrochemical capacitor electrodes because of its
high specific capacitance.* However, RuO, has the drawbacks of
high cost and toxicity. Therefore, many studies have recently been
directed toward replacing RuO, with inexpensive transition-metal
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oxides such as nickel hydroxide,5 nickel oxide,® cobalt hydroxide,7
cobalt oxide,® and manganese oxide.” For Faradaic redox reactions,
nickel- and cobalt-related materials use alkaline electrolytes such as
aqueous KOH, which have a potential window of 0.4—0.5 V.
Because the energy density of a supercapacitor is proportional to
the square of the cell voltage, the energy density of nickel- and
cobalt-related materials is limited by the potential window.
Mn;0, is a potentially interesting electrode material for
electrolytic supercapacitors because of its low cost, environ-
mental compatibility, and intrinsically high capacity.10 Table 1
summarizes some of the results that have been obtained to date
with Mn;0, as a supercapacitor electrode material. Except in
thin films, the poor electronic conductivity limits the per-
formance of Mn;0, in terms of both capacitance and capac-
itance retention at high current density. A common strategy
with poor electronic conductors such as transition-metal oxides
is to combine them into composites with carbon, which is both
lightweight and electronically conducting. The recent discovery
of the interesting electronic, mechanical, and thermal properties
of graphene sheets''™"® has stimulated research into its
preparation as single sheets and composites and into the use
of graphene as a conductive support for electrocatalysts and
materials for electrochemical energy storage. Exfoliated
graphene sheets combine exceptionally high surface area with
electronic conductivity, are stable in electrochemical environments,

Received: December 10, 2011
Revised: ~ February 11, 2012
Published: February 21, 2012

dx.doi.org/10.1021/cm203697w | Chem. Mater. 2012, 24, 1158—1164


pubs.acs.org/cm

Chemistry of Materials

-ayisoduwod

rom siy
(1107) 8¢
(1107) LS
(ot102) 9¢€

(o107) S¢

(o107) ¥¢€
(ot07) €€
(6007) €
(8007) 1€
(8007) o€

(9002) 61
(1e34) o1

S9PA> 000 0T ToWe 9%00T
saPAd Q00T ToYe %18

sapAd
00% 193¢ 9001 Isowe

3P4 00ST ToYE %001

3P4 00ST ToWe %00T
SIPAd 00t TOPe %78
$APA> 009 1Ye %16

159) 94>
Io)e uonuajal dueyedes

Tcr
1491
134!
148
8T

(443
9s¢

SLT
1483
€61
0LT
(Va4
0ST

a (8/4) souededes
wnwmeur

@/vso=1do
(s/Aw S =a) AD
(s/Aw T =4) AD
(/AW S =4a) AD
(/AW S =4a) AD

(s/Am S =4a) AD

(/AW S =a) AD

(/AW S =a) AD

Am

/AW 0T = 4) AD
Am\>E

00S = 4) AD

(s/Aw S =a) AD
Am
/AW 0S = 4) AD
Hl000301d
JuswaiInseatx

'os®eN
W1

YOsteN
W S0
DI T

'osTeN
W1

'Os®eN
WI

HOX N 9

YOseN
WI

YOsteN
W1

YOsTeN
W1

rosTeN
W1

IDXN T
"Os®N

W T0
914[01303]3

YOfuN/ (LNDMIN) 3qniouru uoqred [empyuiAl, payiodsr soueypedes ogwads WX, *yIsuSp JuALIMD

0C
T0T
100

wo

SL0

S¥'0

STO
100
91IT'0

(o /3ur)

S[ELI9JEW 9ATIDBOI)II[D JO Sseur

weoy [y1u
pro8 pazennds

s adey aanonpuod
JSIp woqred sse[3

[993s ssa[urels

1aded aymyderd

[roy wnumerd

[993s ssoqurels

SOpI[s mwﬁw JedI[Is010q

ayyderd

JsIp uoqre> Asse[3

Iorem

uooIts pajeod-wmuryerd

I0359[0d JuaIINd

1opmod
P O /suayderd

wiy
,TO U/ LNOMIN
1opmod
iy

1opmod

19pmod
» O /suayderd

wry
wry

1opmod

19pmod
L TOFUN/ LNOMIN

wry
YOFuN Jo aImjeu

ausoduroo ¢Omc2\wcoamﬁwﬁ

1 pue 9jer ueds = 4 ‘Answonusjodouoryd = d)y ‘Ansurweijoa o1phd> = AD,

[euRg0IpAY

poyowr Sunseo-dip
[eusdg301pAY

uonsodap yaeq esrwayd

[ewIayIoIpAY

[osoueS1o
ou woy uoneydmnaid

uonoear pue
uondrospe Ia£e[ STUOT JAISSIIONS
uontsodap yjeq [esrwayd
[ewIat30IpAYy

[ewIyI0IpAY

uontsodap £exds snesondapd

poyowr uoneredaxd

sapoxdd[g 10jedesradng YQfupy 10y sxodeg Juadsy ur pajroday SJUSUIAINSEIY [EITWAYI0XI[ Jo Areurung T J[qe],

dx.doi.org/10.1021/cm203697w | Chem. Mater. 2012, 24, 1158—1164

1159



Chemistry of Materials

Graphene Oxide Dispersion

Graphene/Mn;0,

Graphene Dispersion

Figure 1. Schematic representation of the steps in the synthesis of GM composites.

and can be chemically functionalized. Composite materials of
graphene and metal oxides are thus potentially important
materials for high-energy-density as well as high-power
electrochemical devices. Graphene-based composites including
graphene/Ni(OH),,'® graphene/Sn0,,'” and graphene/
MnO,"® have been studied as electrode materials for super-
capacitors. Gao and co-workers recently found that a graphene
composite with nanoparticles of a Ni—Al layered double
hydroxide (Ni—Al LDH) has good capacity retention when
cycled at high current density.'” This property may be
attributed to the growth of LDH nanosheets on the exfoliated
graphene sheets, preventing restacking of the graphene sheets
and facilitating electrolyte access to the electroactive Ni**/3*
ions in the LDH. In this study, we examine whether the same
approach can be used to make supercapacitor electrode materials
based on Mn;O, which can be used with acidic aqueous
electrolytes. We report new graphene/Mn;O, composites and
evaluate their charge—discharge properties and capacitance
retention.

We prepared Mn;O, nanorods on graphene sheets by a
simple template-free hydrothermal reaction from KMnO,, using
ethylene glycol as a reducing agent. The resulting Mn;O, nanorods
are well-dispersed on the graphene sheets, again preventing the
sheets from restacking and providing electrolyte access to the
electroactive oxide phase. When tested as supercapacitor electrode
materials, these graphene/Mn;O, composite have 3—4 times
higher capacitance than free Mn;O,. Importantly, these materials
also showed 100% capacitance retention after extensive cycling.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Samples. Graphite oxide (GO) was obtained
from natural graphite (Sigma-Aldrich) by a modification of the
Hummers method.”® The sequence of steps used to prepare the
graphene/Mn;0, (GM) composite from GO is shown in Figure 1.
A GO dispersion prepared by ultrasonication of 72 mg of GO in 80 mL
of water was reduced to a dispersion of graphene sheets by adding
aqueous ammonia (1 mL, 28—30 wt %) and hydrazine hydrate (1 mL)
and heating in an oil bath at 95 °C for 2 h. After the reaction, the
dispersion of graphene sheets was filtered. The collected solid was
washed several times with water and then redispersed in 80 mL of
water. A total of 0.002 mol of KMnO, was then dissolved in this
dispersion. Ethylene glycol (2 mL) was added, and the suspension was
stirred magnetically for 1 h at room temperature. The suspension was
then transferred to a 125-mL-capacity Teflon-lined autoclave and
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Figure 2. XRD patterns of (a) GO, (b) rGO, (c) free Mn;0,, and (d)
the GM composite.
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Figure 3. Raman spectra of (a) GO, (b) rGO, (c) free Mn;0,, and (d)
the GM composite.

heated under autogenous pressure to 120 °C for 4 h. After the
reaction, the autoclave was allowed to cool to room temperature. The
precipitate was washed with excess water and dried. Composites made
with C/Mn molar ratios higher or lower than 3:1 gave lower specific
capacitance. Free Mn;0, and reduced graphene oxide (rGO) were
prepared by the same method for comparison purposes.

2.2. Materials Characterization. X-ray diffraction (XRD) analysis
was performed on a Philips X’Pert MPD powder X-ray diffractometer
(Cu Ka, 40 kV, 40 mA). Raman spectra were obtained using a

dx.doi.org/10.1021/cm203697w | Chem. Mater. 2012, 24, 1158—1164
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Figure 4. XRS spectra of the (a) survey scan, (b) C 1s region, (c) Mn 3s region, and (d) Mn 2p region of the GM composite.

LabRAM HR UV/vis/near-IR spectrometer (Horiba Jobin Yvon,
France) with an argon-ion continuous-wave laser (514.5 nm) as the
excitation source. X-ray photoelectron spectroscopy (XPS) was done
with a Thermo VG Scientific Sigma Probe spectrometer. Transmission
electron microscopy (TEM) images were taken on a JEOL 2010F
microscope. Scanning electron microscopy (SEM) images were
obtained on a Leo 1530 field-emission scanning electron microscope.

2.3. Preparation of Electrodes. To evaluate the electrochemical
properties of the GM composites, working electrodes were fabricated
as follows.'” The GM composite, carbon black, and poly(vinylidene
fluoride) were mixed in a weight ratio of 85:10:5, using N-methyl-2-
pyrrolidone as the solvent to yield a paste. This paste was incorporated
in nickel foam (1 cm X 1 cm), and the mass of active material in the
working electrode was 2.0 mg.

2.4. Evaluation of the Electrochemical Properties. Electro-
chemical characterization was done by cyclic voltammetry (CV) and
by galvanostatic charging—discharging of half-cells using an EZStat
potentiostat/galvanostat (Nuvant Systems, Inc.). A beaker-type three-
electrode cell was equipped with a GM composite/nickel foam working
electrode, an Ag/AgCl reference electrode (BASi), and platinum wire as
the counter electrode. For all electrochemical measurements, 1 M Na,SO,
was used as the electrolyte and the experiments were done at ambient
temperature, which was typically 23 °C. The specific capacitance was
calculated by integrating the area under the CV curve to obtain the charge
(Q) and then dividing by the mass of the electroactive material (m), the
scan rate (v), and the potential window (AV = V, — V) according to
eq 1.

Q

C=-=
AV

_ 1 Ve
ph o fV (V) dv "

In addition, the specific capacitance can be calculated from the
galvanostatic charging—discharging function according to eq 2.

_IAt

 AVm )
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In this equation, C is the specific capacitance, I is the current, At is the
discharging time, AV is the potential window, and m is mass of the
electroactive material.

3. RESULTS AND DISCUSSION

Figure 2 shows XRD patterns of GO, rGO, free Mn;0,, and the
GM composite. The GO pattern is dominated by a single broad
peak at 10.3°, which corresponds to an interlayer distance of
0.86 nm (Figure 2a). The expansion of the galleries relative to
the parent graphite (dy, = 0.34 nm) is consistent with
oxidation of the graphene sheets and intercalation of water. The
pattern of the hydrazine-reduced rGO contains very broad
reflections at 24° and 42° (corresponding to d spacings of 0.37
and 0.21 nm), indicating restacking to form a poorly ordered
graphite-like material (Figure 2b). Figure 2c also shows the
pattern of the solid material obtained by reacting KMnO, and
ethylene glycol in the absence of graphene sheets. An initial
product is observed when KMnO, and ethylene glycol are
reacted at room temperature. After stirring for 1 h, amorphous
and birnessite-type 5-MnO, were found (Figure Sla in the
Supporting Information). When this material was washed with
water (to remove excess ethylene glycol) and reacted
hydrothermally, Mn;O, was not obtained, and the sample
remained a mixture of amorphous and 5-MnO, (Figure S1b in
the Supporting Information). If the hydrothermal reaction was
done without washing to remove ethylene glycol, Mn;0, was
obtained hydrothermally (120 °C, 4 h) by reduction of MnO,
(Figure 2c). However, this Mn;O, was not phase-pure, and the
XRD pattern also showed the presence of MnOOH. On the
other hand, when KMnO, and ethylene glycol were reacted
under identical conditions in the graphene dispersion, the XRD
pattern showed only the pure Mn;O, phase (Figure 2d), which
was found by electron microscopy (see below) to consist of
nanorods that were well dispersed on the graphene sheets.

dx.doi.org/10.1021/cm203697w | Chem. Mater. 2012, 24, 1158—1164
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Figure S. (a—d) TEM images and (e and f) SEM images of the GM composite.

Raman spectroscopy can be used to gain information about
the structure of the graphene sheets in the GM composite and
the precursor phases. Raman spectra of GO, rGO, free Mn;0,,
and the GM composite are shown in Figure 3. From the
relative intensities of the D and G band peaks at 1350 and 1590
em™), it can be concluded that the size of the sp® domains
increases during reduction of GO.*' For free Mn,0,, several
peaks at 537.3, 559.3, and 621.4 cm™! were observed and could
be assigned to the presence of the MnOOH phase.””
Consistent with the XRD data, there are no peaks assignable
to this phase in the GM composite. Strong peaks at 663.2 cm™"
were observed in both free Mn;O, and the GM composite,
which can be attributed to the Mn;O, phase.”®

Figure 4 shows XPS spectra of the GM composite. In the
survey region (0—1200 eV), carbon, manganese, and oxygen
were detected. Deconvolution of the C 1s peak (Figure 4b)
shows the presence of nonoxygenated carbon at 284.5 eV,
carbon in C—O (hydroxyl and epoxy groups) at 285.7 eV,
C=O0 (carbonyl groups) at 286.4 eV, and O—C=0 (carboxyl
groups) at 288.3 eV. The intensities of these peaks are smaller
than those in GO (Figure S2b in the Supporting Information),
consistent with reduction of GO. The manganese oxidation
state was confirmed from the multiplet splitting of the Mn 3s
peak. This splitting arises from exchange interaction between
the remaining electron in the 3s orbital and the other unpaired
electrons, which all have parallel spins.** The splitting width is
5.5 eV, which is in accordance with a previous report on the

1162

XPS spectrum of Mn;0,.*° In the Mn 2p region, a 2p;,,—2p; />
doublet at 653.7 and 642.9 eV is observed, and the splitting
width (11.8 eV) is in agreement with an earlier report on
Mn,0,.*°

Parts a—d of Figure S show TEM images of GM composites
at different magnifications. These images show well-dispersed
nanorods on the graphene sheets. An enlarged TEM image
shows lattice fringes with a d spacing of 0.32 nm, corresponding
to the (112) planes of Mn;O, crystals. In the SEM images, long
thin nanorods can be clearly seen, which are similar to those in
the TEM images. From the TEM and SEM images, the
diameters of the individual nanorods are in the range of 5—30
nm, their lengths are 100 nm to 1 ym, and their aspect ratios
are in most cases greater than 10. Most of the samples consist
of nanorods, but there are also some octahedral crystals with
edge lengths of 100—200 nm (Figure S3 in the Supporting
Information). The synthesis of Mn;O, nanorods has been
previously reported using surfactants”>*” and also in a two-step
hydrothermal process similar to that reported here.”® In the
latter study, the initial reaction of KMnO, and poly(ethylene
glycol) at ambient temperature gave a mixture of Mn;O, and
MnOOH, and subsequent hydrothermal treatment gave phase-
pure Mn;O, nanorods.”® We observed a similar sequence of
product phases using ethylene glycol as the reducing agent.

CV and galvanostatic charging—discharging measurements
were performed to compare free Mn;O, and the GM com-
posite at 50 mV/s scan rate in 1 M Na,SO,, and the results are

dx.doi.org/10.1021/cm203697w | Chem. Mater. 2012, 24, 1158—1164
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shown in Figure 6. The specific capacitance is proportional to
the area under the CV curve, which is clearly much larger for
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the GM composite than for free Mn;O, (Figure 6a) or rGO
(Figure S4 in the Supporting Information). Figure 6b shows the
specific capacitance of free Mn;O, and the GM composite as a
function of the scan rate. The latter had 3—4 times higher
specific capacitance at scan rates between S and 100 mV/s.
Galvanostatic charging—discharging is a complementary method
for measuring the specific capacitance of electrochemical capacitors
at constant current. Figure 6¢ shows galvanostatic charging—
discharging curves of free Mn;O, and the GM composite at 1 A/g
current density. The increase in the charging time represents the
higher capacitance of the GM composite. The specific capacitance
is shown as a function of the current density in Figure 6d. The
specific capacitance of free Mn;O, was 25, 22, 18, 15, and 12 F/g
at 0.5, 1,2, S, and 10 A/g current density, respectively. For current
densities beyond 10 A/g, the iR drop was too large to permit an
accurate calculation of the specific capacitance. In contrast, the
specific capacitance of the GM composite was 121, 115, 107, 97,
88, 85, and 83 F/g at 0.5, 1, 2, §, 10, 15, and 20 A/g, respectively.
The increase in the specific capacitance at high current density can
be attributed to the conductivity of the graphene sheets.

Importantly, the specific capacitance was measured at a high
mass loading of 2.0 mg/ cm?, which is higher than that
investingated in other recent reports on Mn;0,**~>" High
loading implies a thick electrode film, which exacerbates the
problems of electrode and electrolyte contact to the bulk
electroactive material. In addition, a high specific capacitance is
observed at current densities beyond 10 A/g, where there are
no prior reports on Mn;O, using galvanostatic measurement.
These data are important for assessing the viability of Mn;0, in
bulk supercapacitor electrodes.

Because a long cycle life is among the most important criteria
for a supercapacitor, an endurance test was conducted using

dx.doi.org/10.1021/cm203697w | Chem. Mater. 2012, 24, 1158—1164
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galvanostatic charging—discharging cycles at 5 A/g (Figure 7a).
During the first 1000 cycles, the specific capacitance increased
slightly and was maintained at the same value over the next
9000 cycles. Thus, over 10000 cycles, the capacitance retention
was slightly over 100% (Figure 7b). This contrasts with
experiments on other kinds of Mn;O, electrodes, where there is
significant degradation of the capacitance in 400—1000 cycle
tests.””>>*® We postulate two effects of the graphene component
in promoting a high capacity and a long cycle life for Mn;O,
composites. First, the graphene sheets serve as a conductive matrix
to promote fast Faradaic charging and discharging of the Mn;0,
nanorods. Second, the graphene inhibits aggregation of the Mn;0,
nanorods, preserving the high-surface-area interface between the
Mn;0, nanorods and the electrolyte.

4. CONCLUSIONS

We prepared Mn;O, nanorods on graphene sheets by a simple
template-free hydrothermal reaction from KMnO,, using ethylene
glycol as the reducing agent. The Mn;0, nanorods were 5—30 nm
in diameter, and their lengths were 100 nm to 1 gm. CV and
galvanostatic charging—discharging measurements were performed
to characterize these materials as supercapacitor electrodes.
Relative to free Mn;O, the GM composite showed 4 times
higher capacitance, had substantially higher power density, and had

outstanding capacitance retention upon cycling.
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