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a b s t r a c t

The performance of exfoliated graphite (EG)–ruthenium oxide (RuOx) composites as binderless electrodes
is evaluated for electrochemical capacitors (ECs). A composite of EG–RuOx is prepared by a modified
sol–gel process. The material is characterized using X-ray diffraction and microscopy. Electrochemical
capacitors with the composite electrodes in the presence of aqueous sulfuric acid (H2SO4) electrolyte are
vailable online 18 September 2008

eywords:
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evaluated using voltammetry, impedance and charge–discharge studies. Cyclic voltammetry reveals very
stable current–voltage behaviour up to several thousands of cycles, as well as high specific capacitances,
e.g., a few hundreds of farads per gram for the composite that contains 16.5 wt.% RuOx.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical capacitors (ECs) have attracted enormous
ttention in recent years in view of their high and specific power.
hese devices are unique in terms of power storage and release
n that they exhibit good performance at high pulse rates with
xcellent cycle-life (>106 cycles) [1]. Electrochemical which are also
alled ‘supercapacitors’ are known to store energy by two different
echanisms. The first mechanism is associated with the separation

f electronic and ionic charge at the electrode|electrolyte inter-
ace otherwise known as the double-layer. This type of energy
torage device is typically known as an ‘electrochemical double-
ayer capacitor (EDLC)’. Activated carbon (with a surface area of
000 m2 g−1) has been reported to yield specific single electrode
apacitances of the order of 40–160 F g−1 [2–5]. The second charge-
torage mechanism involves very fast pseudo-Faradaic reactions
t the interface and capacitors based on this mechanism are
amed ‘pseudocapacitors’. Many transition metal oxides such as
iO2, Co3O4 and MnO2 [6–11] and conducting polymers such as
olypyrrole, polyaniline, polythiophene have been used to develop

seudocapacitors [12]. Amorphous and hydrated ruthenium oxide
RuOx) is one of the well-studied materials and show a very
igh specific capacitance of 760 F g−1 with a specific energy of
7 Wh kg−1 [13–15]. Coupling double-layer capacitance with pseu-

∗ Corresponding author. Fax: +91 80 23601552.
E-mail address: sampath@ipc.iisc.ernet.in (S. Sampath).
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ocapacitance may yield different performance characteristics to
hose of the individual systems. Towards this direction, carbona-
eous materials modified with pseudo redox active functional
roups have been tried as possible candidates for electrodes in
upercapacitors [16]. Various methods that have been reported in
his direction include: (i) introducing surface functionalities on the
arbon surface by chemical [17] or electrochemical treatment [18];
ii) insertion of electroactive particles of transition metal oxides
14,19–21] into carbon-based materials; (iii) making composites of
onducting polymer and carbon [22–26].

Exfoliated or expanded graphite (EG) is a low-density graphite
ith a good surface area, electrical conductivity and high tempera-

ure resistance [27]. When graphite intercalation compounds (GIC)
re given a thermal shock, the intercalates vaporize and tear the
ayers apart that leads to an expansion in the c direction and in

puffed-up material. The EG particles can be recompressed or
e-stacked in the form of any desired shape such as sheets and
ods without any inert binder. The recompressed EG is a very good
dsorption substrate owing to the near perfect crystallographic
ace. Expanded graphic is used as a sealing material, high temper-
ture gaskets, catalyst supports and an electromagnetic shielding
aterial [28]. There are only a few published studies on the use of

G in electrochemistry [29,30]. In this communication, we report on

he preparation and characterization of a composite of exfoliated
raphite (EG) and sol–gel derived ruthenium oxide (RuOx·xH2O).
his composite material is expected to have the attributes of EG as
ell as ruthenium dioxide. The absence of an insulating binder may

ead to a material with low resistance and high stability.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sampath@ipc.iisc.ernet.in
dx.doi.org/10.1016/j.jpowsour.2008.09.014
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3. Results and discussion

F
r

ig. 1. X-ray diffraction patterns of 16.5 wt.% RuOx–EG composite annealed at dif-
erent temperatures.

. Experimental

Natural graphite particles (Stratmin, NJ, USA, particle size
00–400 �m) were intercalated using a mixture of concentrated
2SO4:HNO3 (3:1 by volume) for 24 h. Exfoliation was then car-

ied out by introducing the dried material in a pre-heated furnace
t 800 ◦C for 2 min in air. The preparation of the composite of EG
nd ruthenium oxide was based on a method proposed for the
reparation of sol–gel derived RuOx·xH2O [13]. One gram of exfo-

iated graphite was suspended in a mixture of 1:1 (by volume)
ethanol:water (100 mL) containing different RuCl3 (Aldrich, USA)

oncentrations. The mixture was then stirred for 2 h and then 1 M
aOH was added drop-wise to neutralize the solution (pH 7). Dur-

ng the process, ruthenium hydroxide particles precipitated out

rom the solution and are dispersed on the exfoliated graphite.
he use of a methanol–water mixture ensured that the EG is com-
letely wetted. The solid is then filtered off and washed well with
istilled water to remove the NaCl completely. The material was

c
e

ig. 3. (a) Equivalent circuit analysis and QR(CR) fit for Nyquist plot of 16.5 wt.% RuO2–
ectangles). Inset shows expanded region of Nyquist plot in high–frequency region; (b) sc
ig. 2. Nyquist plots for various composition of RuOx–EG composite electrodes in
.5 M H2SO4, in frequency range 105–0.005 Hz. Impedance values given in ohms [(©)
wt.%; (�) 10 wt.%; (*) 14 wt.%; (�) 16.5 wt.%; (�) 18 wt.%].

ried in vacuum at room temperature for 2 h and subsequently at
50 ◦C for 18 h in air. The loading of ruthenium oxide was based
n the mass of RuCl3 used with respect to the mass of EG. The
aximum loading of ruthenium oxide that could be achieved was

0%. Loadings above 20% resulted in phase separation, which may
ave been due to the small surface area of the EG. The electrodes
ere fabricated by pressing a mixture of the EG–RuOx composite
ith N-methyl pyrrolidinone (NMP) as a volatile solvent on to a
latinum net at a pressure of 500 kg cm−2. The typical mass of the
omposite material used in an electrode varied between 6 and 8 mg.
he thickness of the electrode was is 0.05 mm with a geometric
rea of 1 cm2. All experiments were performed in an aqueous elec-
rolyte of 0.5 M H2SO4 with platinum foil as the counter electrode.
yclic voltammetry was performed in the potential range from 0
o +0.8 V, at various scan rates. Impedance measurements were
arried out using a potentiostat (Model 263A, EG&G, PARC, USA)
oupled to a lock-in-amplifier (Model 5210, EG&G, PARC, USA) in
he frequency range 100 kHz–5 mHz. Charge–discharge measure-

ents were carried out with a CHI 660A (TX, USA) electrochemical
ystem. Galvanostatic charge–discharge measurements were also
aken out in the potential range from 0 to 0.8 V.
The EG particles possess a surface area of 40 m2 g−1, whereas the
ompressed pellets have a surface area of (33 ± 1) m2 g−1. Scanning
lectron micrographs of the EG–RuOx composite and EDAX map-

EG composite in three-electrode cell (�) and Z-Simpwin theoretical fit (crossed
heme of equivalent circuit for model QR(CR).
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ig. 4. (A) Equivalent series resistance (ESR) and specific capacitance versus ruthen
eactance and (M) phase angle versus frequency] for 16.5 wt.% RuOx–EG electrode in
ing show uniformly distributed ruthenium oxide particles (not
hown) with a in the range of 2–10 �m depending on the loading
f ruthenium in the composite. It is well documented that the crys-
allinity of ruthenium oxide affects capacitor performance. X-ray

d
r
p
p

ig. 5. (A) Bode plots of total impedance versus frequency for various compositions of RuOx

ersus frequency for 5 wt.% RuOx–EG electrode. Different regions are shown with their slo
lot.
oading of composite electrodes in 0.5 M H2SO4. (B) Bode plots [(�) resistance, (©)
aqueous H2SO4 electrolyte.
iffraction studies were preformed to follow the crystallinity of the
uthenium oxide particles. The experiments were conduced on EG
articles loaded with 16.5 wt.% ruthenium oxide at various tem-
eratures from 100 to 400 ◦C. The as-prepared composite shows

–EG electrodes in 0.5 M aqueous H2SO4 electrolyte. (B) Bode plot of total impedance
pes. (C) Normalized reactive power |Q|/|S| and active power |P|/|S| versus frequency
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n amorphous phase of RuOx·xH2O. X-ray diffractograms (Fig. 1) of
he composite treated at temperatures below 300 ◦C have only one
ntense peak that corresponds to the (0 0 2) reflection of graphite.

small peak appears at a 2� value of 55◦ that corresponds to the
2 1 1) plane of crystalline RuO2 when the composite is treated at
00 ◦C and above. It has been reported that RuOx·xH2O particles
repared by a sol–gel process are amorphous and crystalline RuO2
ppears when the samples are heated at 200 ◦C [13]. In the present
tudy, the composites are heat-treated at 150 ◦C for 18 h to retain
he amorphous nature of the samples. The specific capacitance falls
o a lower value if the samples are treated at temperatures above
75 ◦C.

.1. Capacitor performance

The composite electrodes were characterized by impedance
pectroscopy in the frequency range 105 Hz–5 mHz. Nyquist plots
or electrodes with different loadings of ruthenium oxide are shown
n Fig. 2. The Nyquist plot shows a very small and incomplete semi-
ircle in the high frequency region followed by a straight line. The
mall incomplete asymmetric semicircle observed in the high fre-
uency region is due to the charge–transfer resistance across the
lectrolyte|electrode interface that is found to be very small. de
evie [31] ascribed this type of semicircle to the fractal nature

f the surface and it is therefore likely that the present compos-
te electrode has fractal dimensions as well. It has been reported
hat EG electrodes possess fractal geometry based on chronoam-
erometric measurements [30]. The impedance data is fitted to an
quivalent circuit using Z-Simpwin software, as shown in Fig. 3. The

c
f

d
r

ig. 6. Cyclic voltammograms of EG–RuOx composite with different loadings of Ru. The
otentials are referred to SCE.
rces 185 (2008) 1544–1549 1547

igh frequency semicircle is due to a charge–transfer resistance Rc

ssociated with a capacitance of Q in parallel while the resistance Re

hich, in turn, is associated with a capacitance Ce of the electrode
nd gives rise to a straight line at low frequencies. The constant
hase element, Q, behaviour for polymer modified electrodes with
fractal nature has been reported earlier [32]. The equivalent series

esistance values (ESR) are between 472 m� and 2.2 � for different
oadings of RuO2, as shown in Fig. 4A. The capacitance values nor-

alized to the mass of the composite are also given in the same
igure. The ESR value increases with increase in the ruthenium
oading and this may be due to an increase in the resistance of the

atrix. The Bode phase angle plot is shown in Fig. 4B and the phase
ngle is observed to be close to −80◦ in the low-frequency range. It
s well known that for a pure capacitor, the amplitude plot will give
ise to a straight line with a slope of −1. In the present study, the
mplitude of the total impedance versus frequency plot (Fig. 5A and
) shows three slopes at different frequency regions. The high fre-
uency region (104–100 Hz) has a slope of ∼zero, whereas a slope of
.35 is observed in the mid-frequency region (100–1 Hz). The low-
requency region (1–0.01 Hz) shows a slope of 0.86. This behaviour
s explained in terms of the charge-transfer resistance or equiv-
lent series resistance in the high frequency region, whereas the
id-frequency region comprises both the resistance and capaci-

or components and the low-frequency region is mainly due to the

apacitive component of the interface. Plots of phase angle versus
requency also display similar behaviour (Fig. 4B).

The frequency corresponding to the region where a curves
eviates from semicircular behaviour is known as the “capacitor
esponse frequency (f0)” and will give the response time of the

scan rate is 5 mV s−1. Loading of ruthenium oxide in composites given in figure.
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evice. The ‘f0’ can be determined by plotting the resistance (Z′)
nd the reactance (Z′′) as a function of frequency (Fig. 4B) and the
elf-resonance point is a direct measure of f0 [33,34]. In the present
tudy, the f0 value varies between 0.05 and 2 Hz for composites
ith different RuOx loadings. The reciprocal of the frequency yields

he response time of the capacitor. The response time determined
or the EG–RuOx composite is between 0.5 and 12 s. These values
re comparable with other commercially available electrochemical
apacitors [35].

Fig. 5C represents the normalized imaginary part |Q|/|S| and the
eal part |P|/|S| of the complex power as a function of frequency.
he normalized active power corresponds to the power dissipated
33]. The plot shows that impedance behaviour of a capacitor varies
rom a pure resistor in the high-frequency region to pure capaci-
or behaviour in the low-frequency region. A maximum |Q|/|S| is
eached in the low-frequency region where the interface behaves
ike a pure capacitor. The crossing of the plots of |Q|/|S| and |P|/|S| as a
unction of frequency appears when |P| = |Q|, i.e., when ϕ = 45◦ and
P|/|S| = |Q|/|S| = 1/

√
2, corresponding to the time constant �o [33].

arious parameters, such as the nature of the electrolyte solvent
nd the amount of active material in the electrode, influence the
ime constant. The time constant is 12 s for the composite contain-
ng 16.5 wt.% of RuO2.

Exfoliated graphite is amenable to intercalation of bisulfate
nions when used in the presence of sulfuric acid. The interca-
ation process is generally observed to be considerable and the

aterial degrades when the acid concentration is very high. The
resent studies use a low concentration of 0.5 M sulfuric acid.

n addition, the RuOx particles mask the EG surface and these
y reduce the available area for intercalation process to give
urable composite electrode. Voltammograms of EG–RuOx com-
osites with different loadings of ruthenium oxide are presented

n Fig. 6. The intercalation–deintercalation peaks are very promi-
ent up to a loading of 14 wt.%. The charge–discharge cycles in this
ange of Ru loading also indicate two processes that correspond
o intercalation–deintercalation and the pseudocapacitance asso-
iated with the RuOx·nH2O. Intercalation–deintercalation is not
bserved when a composite of 16.5 wt.% RuOx·nH2O is used. Hence,
urther studies are carried out with this composition. The observed
apacitance, for 16.5 wt.% RuOx·nH2O may however, also include a
mall contribution from the intercalation process.

Typical cyclic voltammograms of the composite containing
6.5 wt.% RuOx·xH2O are given in Fig. 7A; voltammograms corre-
ponding to the 1st, 100th, 500th and 1000th cycles in 0.5 M H2SO4
re shown. The shape and the currents are almost constant dur-
ng the positive- and negative-going sweeps for a large number of
ycles. This indicates that the intercalation of protons inside the
uOx lattice is fast and reversible. All the composites are quite
table in the aqueous acid electrolyte. The capacitance has also
een calculated from the voltammetric response using the equa-
ion, C = [i/�m] where i, � and m are the current, scan rate and mass
f ruthenium chloride, respectively. It is observed that there is an
nfluence of ruthenium oxide loading on the specific capacitance.

ith increasing ruthenium oxide loading up to 16.5 wt.% RuCl3, the
pecific capacitance increases (Fig. 4). Further increase in the Ru
oading decreases the specific capacitance. A recent report by Zhang
t al. [21] concludes that a loading of 35 wt.% ruthenium on acti-
ated carbon (surface area 3000 m2 g−1) yields a maximum specific
apacitance of 750 F g−1. In the present study, specific capacitances
f the order of 176 F g−1 have been realized with a 16.5 wt.% Ru

oading. It should be pointed out that the capacitance values given
ere are normalized with respect to the mass of the composite
sed (Fig. 4A) and not to the mass of the active material, RuOx. The
bserved capacitance however, includes a contribution from the
ouble-layer capacitance. Ruthenium oxide is reported to generate

4

c

ig. 7. (A) Cyclic voltammograms of 16.5 wt.% RuOx·xH2O–EG composite in 0.5 M
2SO4 at 5 mV s−1 scan rate: (a) 1st, (b) 100th, (c) 500th and (d) 1000th cycles.

B) First three cycles of the charge–discharge characteristics at a discharge current
ensity of 1 mA cm−2. Other conditions are as given in Fig. 6.

high specific capacitance due to the fast and reversible proton
ntercalation into the lattice [13] according to the reaction:

uO2 + ıH+ + ıe = RuO2−ı(OH)ı (0 ≤ ı ≤ 2) (1)

If it is assumed that all ruthenium is converted to Ru(OH)2 dur-
ng the electrochemical cycling, then the theoretical capacitance

orks out to be 1450 F g−1 with respect to RuOx [21]. The EG–RuOx

omposite would approximately yield thousands of farads per gram
f RuOx when scaled up for the mass of the active material.

Charge–discharge measurements have been performed at
ifferent current densities ranging from 1 to 5 mA cm−2. The capac-

tors are first charged to 0.8 V versus a saturated calomel electrode
SCE) and then discharged to 0 V versus SCE. Fig. 7 shows that typ-
cal charge–discharge characteristics of a capacitor fabricated with
6.5 wt.% ruthenium loaded EG at a current density of 1 mA cm−2.
small iR drop of about 11 mV at a current density of 1 mA cm−2

s observed at the beginning of discharge. The energy efficiency
f a capacitor is given by the ratio of the times taken for the dis-
harging and charging processes and is 98.5% at a current density
f 3 mA cm−2.

The ageing and stability of the EG based composites has been
ested by storing the electrode material in a vacuum desiccator and

onitoring the capacitance characteristics. The behaviour of the
omposites remains unaltered over a period of almost two years
hus showing that the composites have a good storage stability.
. Conclusions

This study demonstrates the use of exfoliated graphite based
omposite materials for supercapacitor applications. The EG acts as
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binder as well as an electronic conductor. The composites show
ery good performance in terms of specific capacitance. This opens
p possibilities for preparing composites of EG with various mate-
ials including macrocycles and polymers. The EG has a very small
umber of oxygen-containing functional groups that can exhibit
seudocapacitance.
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