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bstract

Composites made from RuO2·xH2O particles supported on carbon nanofibres (CNF) have been prepared for supercapacitor electrodes. CNF,
roduced by Grupo Antolin Ing. SA. using a floating catalyst procedure was treated either in HCl or in HNO3. Then the composites were obtained
y impregnation of CNF with an aqueous RuCl3·0.5H2O solution followed by filtering and alkali solution treatment. Heat treatment at 150 ◦C for
h was done. Specific capacitance of the composites has been measured and discussed on the basis of their RuO2·xH2O content and RuO2·xH2O
article size. The composites having RuO2·xH2O contents below 11 wt% show RuO2·xH2O particles, which grow from 2 to 4 nm as the RuO2·xH2O
ontent increases. The specific capacitance of supported RuO ·xH O, which can be very high (up to 840 F g−1), decreases as the RuO ·xH O content
2 2 2 2

ncreases and RuO2·xH2O particles grow. The composites having RuO2·xH2O contents above 11 wt% show RuO2·xH2O particles of nearly constant
ize (4 nm); the effect of increasing the RuO2·xH2O content is to increase the amount of particles but not the size of the particles. In these composites
he specific capacitance of supported RuO2·xH2O is nearly constant (440 F g−1) and close to bare RuO2·xH2O (460 F g−1).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the pioneer work by Miller et al. [1] in which ruthenium
xide nanoparticles were deposited on carbon aerogels, numer-
us works have dealt with this matter [2–26]. In all of them the
bjective was to combine the pseudocapacitance (also called
edox-type capacitance) of ruthenium oxide with the double-
ayer capacitance of a carbon in order to take in advantage
rom the contribution of the two materials and to get high-
apacitance ruthenium oxide/carbon composites. Indeed, the
omposites showed specific capacitances higher than those of

he carbons itself. Assuming that the specific capacitance of the
omposites follows the rule of mixtures, specific capacitances
or hydrous ruthenium oxide (usually named RuO2·xH2O) as

∗ Corresponding author.
E-mail address: jmrojo@icmm.csic.es (J.M. Rojo).
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igh as 1000 F g−1, i.e. even higher than that of bare RuO2·xH2O
720 F g−1) [27], have been reported [7,9,10,15,19,22]. This fact
as opened the possibility of achieving very high-capacitance
lectrode composites.

Despite the great effort done on preparing RuO2·
H2O/carbon composites, e.g. by different procedures, with dif-
erent carbons (activated carbons, mesoporous carbons, carbon
erogel, carbon black, carbon nanotubes, etc.), with differ-
nt contents in RuO2, and by applying different annealing
emperatures, several questions remain opened. For instance,
ow the specific capacitance of the composites and how the
pecific capacitance of supported RuO2·xH2O depend on the
uO2·xH2O content [1,3,4,7,9,10,12,17,22–24], or why the spe-
ific capacitance of supported RuO2·xH2O seems to change with

he carbon chosen as support for a given RuO2 content [10,16].
hese questions point out that an understanding of the specific
apacitance of the composites and the specific capacitance of
he supported RuO2·xH2O is still lacking.

mailto:jmrojo@icmm.csic.es
dx.doi.org/10.1016/j.jpowsour.2007.11.001
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Regarding carbon nanofibres [28–32], which are the sup-
ort chosen in this work, only a few ruthenium oxide/carbon
anofibres composites have been prepared by electrospinning.
ence articles dealing with this type of composites are rather

carce [26]. In general carbon nanofibres (CNF) show: (i)
oderate specific double-layer capacitance (1–50 F g−1 in aque-

us electrolyte) because of their small specific surface area
10–200 m2 g−1) [28,29] and (ii) high electric conductivity
1 × 103 S cm−1) because of their highly ordered structure [33].
he small surface area would be a drawback limiting the
aximum amount of supported ruthenium oxide. The high

onductivity, however, is an advantage to get electrodes with
igh electric conductivity. Compared to other carbons such as
ctivated carbons or mesopore-templated carbons, CNF have
een chosen as support because: (i) the specific capacitance
f CNF and that of RuO2·xH2O are very different; it has
llowed us to do an accurate study on the variation of the com-
osite specific capacitance as a function of the RuO2·xH2O
ontent, (ii) RuO2·xH2O/CNF composites are simple compos-
tes; because they are easily compacted and show high electric
onductivity, neither an inert binder nor an electric conduc-
or are needed to be added to the composites, and (iii) the
hoice of CNF as support has made easy the study by TEM on
he distribution of supported RuO2·xH2O particles; CNF and
uO2·xH2O show different shapes and contrasts. Compared

o carbon nanotubes (either SWCNT or MWCNT), CNF are
heaper.

In this work RuO2·xH2O (where x seems to depend on the
eating treatment done [27]) has been deposited on CNF fol-
owing an impregnation method. The composites have been
tructurally and texturally characterized. Their specific capaci-
ance has been discussed in relation to the RuO2·xH2O content
nd RuO2·xH2O particle size.

. Experimental

Carbon nanofibres (CNF) were produced by a catalyti-
ally vapour-grown procedure in Grupo Antolin Ing. SA., and
upplied by the same company. They are highly graphitic cup-
tacked fibres showing non-amorphous carbon coating, large
ollow core and ca. 100 nm diameter [34]. These CNF, labelled
s GANF1 in reference [34], were acid-treated (HCl or HNO3)
nd were used in this work as support for the RuO2·xH2O par-
icles.

Three grams of CNF was dispersed either in 200 ml of 12 M
Cl or in 200 ml of 13 M HNO3, and the dispersions were heated
nder refluxing at 98 ◦C for 4 h. The dispersions were filtered
nd the solids were exhaustively washed with distilled water.
he solids were dried at 80 ◦C overnight. The samples of CNF-

reated in HCl or in HNO3 are hereafter referred as CNF-HCl or
NF-HNO3, respectively.

0.5 g of either CNF-HCl or CNF-HNO3 was dispersed in
0 ml of an aqueous 0.034 M RuCl3·0.5H2O solution under

ontinuous stirring for 24 h. In some particular cases, and
n order to get impregnations with very low contents in
uCl3·0.5H2O, lower concentrations (i.e. 0.017 and 0.0015 M)
f the RuCl3·0.5H2O solution were used such as other authors

l

D

ources 176 (2008) 417–425

id [8]. In all cases the dispersions were filtered to remove
he RuCl3·0.5H2O solution excess and to get carbon nanofibres
mpregnated with those solutions. Then the impregnated carbon
anofibres were added to 50 ml of aqueous 10−4 M NaOH solu-
ion and the pH was measured. Drop wise of another 0.01 M
aOH solution was added to neutralize the dispersion (up to pH
), then formation of RuO2·xH2O happened. The dispersions
ere filtered and the solids were collected. They were washed
ith distilled water up to negative chloride test. Finally, the

omposites either RuO2·xH2O/CNF-HCl or RuO2·xH2O/CNF-
NO3 were dried at 80 ◦C overnight.
Accumulative treatments consisting of impregnations of both

NF-HCl or CNF-HNO3 with the 0.034 M RuCl3·0.5H2O
olution followed by filtering and neutralization in 0.01 M
aOH solution were done in order to increase the load-

ng in RuO2·xH2O. The composites are hereafter referred as
RuO2·xH2O/CNF-HCl or nRuO2·xH2O/CNF-HNO3, where

stands for the number of accumulative treatments done.
sing RuCl3·0.5H2O solutions of lower concentrations (0.017
r 0.0015 M) we got composites having RuO2·xH2O loadings
ower compared to the composites at n = 1.

A sample of bare RuO2·xH2O was also prepared by adding
rop wise of 0.01 M NaOH solution on 50 ml of 0.034 M
uCl3·H2O solution; the added volume of the 0.01 M NaOH

olution was that needed to increase the pH solution up to pH 7.
he solid obtained, i.e. RuO2·xH2O, was washed with distilled
ater and then air-dried at room temperature.
All the samples studied in this work, i.e. CNF-HCl, CNF-

NO3, composites, and bare RuO2·xH2O, were heat-treated at
50 ◦C for 2 h.

Infrared (IR) spectra were recorded in Bruker IFS 66v/S
quipment. KBr-based pellets were prepared by mixing either
NF-HCl or CNF-HNO3 with dried KBr and then by com-
acting under a pressure of 2 tonnes cm−2. The relative weight
ontent of CNF-HCl or CNF-HNO3 in the pellets was nearly
wt%.

Temperature-programmed desorption (TPD) experiments
ere carried out on the CNF-HCl and CNF-HNO3 samples in
DSC-TG equipment (TA Instruments, SDT 2960 Simultane-
us) coupled to a mass spectrometer (Thermostar, Balzers, GSD
00 T3), to characterize the surface chemistry of the samples.
n these experiments 10 mg were heated up to 900 ◦C (heating
ate 20 ◦C min−1) under helium flow rate of 100 ml min−1.

Thermogravimetric (TG) analyses were carried out in air-
ow (50 ml min−1) at a heating rate of 5 ◦C min−1 with a Seiko
xstar 6300 instrument. In all cases the mass of the composite
as of ca. 20 mg.
X-ray powder diffraction (XRD) patterns were recorded at

oom temperature in a D-8 Bruker diffractometer, with Cu K�
adiation. The XRD patterns were obtained in the step scanning
ode of 0.02◦ (2θ) and 1 s/step counting time, within the range

0 ≤ 2θ ≤ 70◦. The average crystallite size was calculated from
he full width at half maximum (FWHM) of several diffraction

ines by applying the Scherrer equation:

= λ

β cos θ
(1)
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the amounts of CO and CO2, and hence the amounts of basic
CO and acidic COOH groups have been determined. The con-
tent in basic groups is close for the two samples (0.33 mmol g−1
F. Pico et al. / Journal of Po

here λ is the wavelength of the X-rays, θ is the diffraction
ngle, and β = √

(β2
m − β2

s ) is the corrected FWHM, where βm
s the FWHM of the experimental diffraction lines, and βs is the
WHM of the diffraction lines of a standard sample.

Nitrogen adsorption/desorption isotherms were measured
t 77 K using an automatic adsorption system (Autosorb-6B,
uantachrome). The samples were outgassed at 110 ◦C for 4 h.
rom the adsorption isotherms BET was applied.

Transmission electron micrographs (TEMs) were taken in
eol JEM 2010 FX and Jeol 3000 EX microscopes operating
t acceleration voltages of 200 and 300 kV, respectively. The
amples were dispersed in n-butyl alcohol, and drops of the
ispersions were transferred to a carbon-coated copper grid.

Supercapacitor electrodes were processed as cylindrical pel-
ets of 13 mm diameter and ca. 1 mm height. Compaction of
he active RuO2·xH2O/CNF-HCl or RuO2·xH2O/CNF-HNO3
omposites was done at a pressure of 38 MPa. It was not nec-
ssary to add either a binder (a polymer) to improve pellets
ompaction or a good electric conductor (carbon black) to
mprove electric conductivity. Electric conductivity of paral-
elepiped electrodes, also compacted at 38 MPa, was measured
y a conventional four-probe method in which a current was
pplied at the two outer probes and voltage drop was mea-
ured at the two inner probes; a silver paint was used to get
he four probes on the parallelepiped pellets. Supercapacitors
ere assembled in two-electrode SwagelokTM-type cells. The

wo cylindrical electrodes were separated by a glassy microfibre
aper (Whatman 934 AH). Aqueous 2 M H2SO4 solution was
hosen as electrolyte. Two tantalum rods acted as current col-
ectors. Charge and discharge of the supercapacitor cells were
ollowed by galvanostatic measurements at room temperature
n a 1286 Solartron potentiostat/galvanostat.

. Results and discussion

.1. Structural and thermal characterization

The acid treatment done (either HCl or HNO3) on the CNF
emoves nickel particles accompanying CNF, as deduced from
RD (patterns not shown). The nickel particles come from the

atalyst used along the synthesis of CNF. We applied these acid
reatments because we know that while HCl does not oxidize
arbons, HNO3 does it.

IR spectra of the CNF-HCl and CNF-HNO3 samples, in the
requency region of 1500–2000 cm−1, are shown in Fig. 1. The
pectrum of the CNF-HNO3 sample shows bands at 1580 and
630 cm−1 that are ascribed to stretching C C and C O vibra-
ions, respectively; the former band comes from the graphene
tructure of the nanofibres, the latter one comes from acetone-
ike groups that are placed at the nanofibres surface. The band at
630 cm−1 could have some contribution from adsorbed water.
n addition to the two mentioned bands, the spectrum shows
nother band at 1720 cm−1 that can be ascribed to stretching
O vibrations from carboxyl groups (COOH) at the nanofibre
urface. The three bands are also observed in the IR spectrum of
NF-HCl. However the higher intensity of the 1720 cm−1 band
t the CNF-HNO3 spectrum confirms that the HNO3 treatment

F
a

ig. 1. IR spectra, in the 2000–1500 cm−1 region, of the carbon nanofibres heat-
reated in HCl (CNF-HCl) or in HNO3 (CNF-HNO3). Dashed line stands for
he spectra base line.

as given way to new carboxyl groups, in agreement with other
eports [16].

To estimate the content in basic CO groups and acidic COOH
nes in the two carbon nanofibres (CNF-HCl and CNF-HNO3),
PD measurements were carried out on these samples (Fig. 2).

n this figure we see the curves due to evolution of gases CO and
O2 coming from the carbon nanofibres upon heat treatment

35,36]. From the integrated intensities of the observed peaks,
ig. 2. TPD curves corresponding to CO and CO2 evolution in CNF-HCl (a)
nd CNF-HNO3 (b).



420 F. Pico et al. / Journal of Power Sources 176 (2008) 417–425

Fig. 3. TG analyses (in air-flow) obtained on several nRuO ·xH O/CNF-HCl
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Fig. 4. Variation of the composite RuO2 content (in wt%) vs. the num-
ber (n) of accumulative treatments (impregnation + filtering + neutralization)
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omposites heat-treated at 150 ◦C for 2 h. The TG curves of starting CNF-HCl
nd bare RuO2·xH2O, both previously heat-treated at 150 ◦C for 2 h, are included
s references.

or CNF-HCl and 0.44 mmol g−1 for CNF-HNO3). However,
he content in acidic groups is clearly higher for the CNF-
NO3 sample (0.60 mmol g−1 for CNF-HCl and 2.1 mmol g−1

or CNF-HNO3). The HNO3 treatment, as expected, has oxi-
ized CNF and increased the content in COOH groups.

In Fig. 3 we show the air-flow TG curves recorded for
NF-HCl, some nRuO2·xH2O/CNF-HCl composites, and bare
uO2·xH2O. For CNF-HCl we see a weight loss at about
00 ◦C that is due to combustion of the carbon nanofibres.
he low weight% residue (plateau observed between 700 and
00 ◦C) accounts for a low ash content after combustion. For
RuO2·xH2O/CNF-HCl composites we see a sharp weight loss
ue to combustion of carbon nanofibres; the combustion tem-
erature decreases as n increases pointing out that combustion
f the carbon nanofibres is favoured by the amount of sup-
orted RuO2·xH2O. It agrees with the fact that RuO2·xH2O
atalyses combustion of carbons [12,37]. The residues at the
igh-temperature plateaux are ascribed to ash from the carbon
anofibres plus crystalline RuO2 (rutile-type structure); the latter
s evidenced by XRD (pattern not shown). Taking into account

he weight of the residue of the starting CNF-HCl and the
eight of the residues of the nRuO2·xH2O/CNF-HCl compos-

tes, the RuO2 content in each composite has been determined
Table 1). In Fig. 3 the TG curve of bare RuO2·xH2O shows:

s
b

i

able 1
uO2 and RuO2·xH2O contents (in wt%), and electric conductivity (in S cm−1) of th

RuO2·xH2O/CNF-HCl RuO2 (wt%) RuO2·xH2O (wt%) σ (S cm−1) nR

= 0 (CNF-HCl) 0 0 2.0 n =
0.8 0.9 – A
4.4 4.8 – B

= 1 7.9 8.6 4.1 n =
= 2 16.3 17.8 – n =
= 3 23.3 25.5 – n =
= 4 29.5 32.2 8.6 n =
= 5 37.3 40.8 – n =
= 6 – – n =
uO2·xH2O 90.7 100 89 –

stands for the number of accumulative treatments done, all samples were heat-tre
oncentrated RuCl3·0.5H2O solutions.
one. Triangles and circles stand for nRuO2·xH2O/CNF-HCl composites and
RuO2·xH2O/CNF-HNO3 ones, respectively. Straight line is the best linear fit
ound.

i) a weight loss up to 150 ◦C that is ascribed to removal of
dsorbed water without crystallization of the oxide, (ii) a plateau
etween 150 and 250 ◦C, and (iii) another small weight loss
bove 250 ◦C due to removal of additional water; it is accompa-
ied by crystallization of the amorphous RuO2·xH2O giving rise
o crystalline RuO2 with rutile-type structure [27]. Hence, the
igh-temperature plateau is ascribed to crystalline RuO2. From
he relative contents in water and in RuO2, we have estimated
= 0.76 in our RuO2·xH2O sample. We have also estimated the
uO2·xH2O (x = 0.76) content in our composites from the TG

esults (Table 1).
Variation of the RuO2 content vs. n is shown in Fig. 4

or the composites nRuO2·xH2O/CNF-HCl (triangles) and
RuO2·xH2O/CNF-HNO3 (circles). Despite the different con-
ent in COOH groups of CNF-HCl and CNF-HNO3, we
urprisingly observe that, in the two cases, the RuO2 content
ncreases linearly with the number of treatments (impregna-
ion + filtering + neutralization) done. From the slope we deduce
hat nearly 7 wt% RuO2 is loaded per treatment. In Fig. 4 we also

ee that it is possible to achieve RuO2 contents as high as 40%
y weight after six accumulative treatments.

Because bare RuO2·xH2O remains amorphous after heat-
ng at 150 ◦C and at this temperature shows its highest

e nRuO2·xH2O/CNF-HCl and nRuO2·xH2O/CNF-HNO3 composites

uO2·xH2O/CNF-HNO3 RuO2 (wt%) RuO2·xH2O (wt%) σ (S cm−1)

0 (CNF-HNO3) 0 0 2.7
2.2 2.4 –
8.4 9.2 –

1 9.7 10.6 –
2 17.7 19.3 1.6
3 22.7 24.8 –
4 28.4 31 –
5 34.7 37.9 9.2
6 40.3 44 –

– – –

ated at 150 ◦C for 2 h, A and B stand for the composites obtained from low-
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Fig. 5. XRD patterns recorded at rt on several nRuO2·xH2O/CNF-HNO3 com-
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osites heat-treated at 150 ◦C for 2 h. The XRD patterns of CNF-HNO3 and bare
uO2·xH2O after the same heat treatment are included as references. The XRD
attern of crystalline RuO2 is shown as another reference.

pecific capacitance [27], our RuO2·xH2O/CNF-HCl and
uO2·xH2O/CNF-HNO3 composites have been heated at
50 ◦C for 2 h as a standard treatment. XRD patterns of some
eat-treated nRuO2·xH2O/CNF-HNO3 composites are shown
s examples in Fig. 5. In this figure the XRD patterns of
NF-HNO3, bare RuO2·xH2O and crystalline RuO2 have been

ncluded as references. In all composite patterns we see some
iffractions lines (arrow marked) that are ascribed to the carbon
anofibres. In addition we see broad and low-intensity diffrac-
ion lines (asterisk marked) whose positions coincide with those
f crystalline RuO2; these lines indicate some crystallization of
upported RuO2·xH2O. From the full width at half maximum
FWHM) of these diffraction lines and by applying the Scherrer
quation (Eq. (1)), we have deduced a crystallite size of 4 nm
or supported RuO2·xH2O.

.2. Textural characterization of the composites

Transmission electron micrographs obtained on compos-
tes having CNF-HNO3 as support and different loadings in
uO2·xH2O are shown as examples in Fig. 6. Images show

uO2·xH2O particles deposited on the surface of the carbon
anofibres. The particle size is of 2 nm for the composite
f low RuO2·xH2O content (Fig. 6a). However the particle
ize is larger (4 nm) for the composites of higher RuO2·xH2O

Fig. 6. TEM images obtained on RuO2·xH2O/CNF-HNO3 composites having
RuO2·xH2O (x = 0.76) contents of 2.4 wt% (a), 10.6 wt% (b), and 24.8 wt% (c).
RuO2·xH2O particles in (a) are arrow marked. Scale is 10 nm in (a), 50 nm in
(b), and 50 nm in (c).
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ontents (Fig. 6b and c); this particle size agrees with the crys-
allite size deduced from XRD. From comparison of Fig. 6b
nd c we see that the particle size remains constant (4 nm)
ut the effect on increasing the RuO2·xH2O content is to
ncrease the amount of supported RuO2·xH2O particles. This
esult agrees with the linear dependence found in Fig. 4 for
uO2 content vs. number of treatments done. Therefore, parti-
le size of supported RuO2·xH2O increases from 2 to 4 nm as
uO2·xH2O loading increases in the range 0–11 wt%, but parti-
le size is nearly constant (4 nm) for RuO2·xH2O loadings above
1 wt%.

Nitrogen adsorption/desorption isotherms of CNF-HNO3,
RuO2·xH2O/CNF-HNO3 and bare RuO2·xH2O are shown as
xamples in Fig. 7a. For CNF-HNO3 and 5RuO2·xH2O/CNF-
NO3 the isotherms are type II, showing at low relative
ressures (P/P0 < 0.1) the presence of micropores. At inter-
ediate relative pressures (P/P0 = 0.4–0.7) we see the

mportant mesoporosity contribution. At high relative pres-
ures (P/P0 > 0.7) the hysteresis loops confirm the presence of

esopores, presumably coming from the opened and entan-

led nanofibres, as well as some macropores. The shape of the
uO2·xH2O isotherm is quite different showing much lower
dsorption capacity.

ig. 7. (a) Nitrogen adsorption/desorption isotherms recorded on the
RuO2·xH2O/CNF-HNO3 composite, the starting CNF-HNO3 and the bare
uO2·xH2O. (b) Dependence of the BET specific surface area as a function
f the RuO2·xH2O (x = 0.76) content in RuO2·xH2O/CNF-HCl composites (tri-
ngles) and RuO2·xH2O/CNF-HNO3 composites (circles). Straight line is the
est fit to Eq. (2).
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Variation of the BET specific surface area as a function of the
uO2·xH2O (x = 0.76) content is shown in Fig. 7b for the two
inds of composites. We find a linear dependence according to
quation:

BET = (100 − α)
(SBET)1

100
+ α(SBET)2

100
(2)

here α stands for the weight percentage of RuO2·xH2O,
100−α) stands for the weight percentage of CNF-HCl or CNF-
NO3, (SBET)1 stands for the specific surface area of CNF-HCl
r CNF-HNO3, and (SBET)2 stands for the specific surface
rea of bare RuO2·xH2O. The straight line found indicates that
he rule of mixtures holds and the two kinds of composites
ehave like a mixture of two components (carbon nanofibres
nd hydrous ruthenium oxide) from the point of view of their
pecific surface area.

.3. Electrical and electrochemical characterization.

Electric conductivity of parallelepiped shape electrodes
easured at room temperature by the four-probe method is

utlined in Table 1. It compiles the conductivity obtained for
he starting carbon nanofibres (CNF-HCl and CNF-HNO3)
s well as for some composites (nRuO2·xH2O/CNF-HCl
nd nRuO2·xH2O/CNF-HNO3) and for bare RuO2·xH2O.
omposites conductivity is in the same order of magni-

ude (1–10 S cm−1) as carbon nanofibres conductivity (2 and
.7 S cm−1 for CNF-HCl and CNF-HNO3, respectively). It
grees with the fact that the RuO2·xH2O content is below
ercolation threshold [38,39]. For RuO2·xH2O contents above
ercolation threshold, the composites conductivity should be
lose to bare RuO2·xH2O conductivity (89 S cm−1).

Charge/discharge galvanostatic plot (voltage vs. time)
btained at 23 mA cm−2 is shown as an example in Fig. 8a. At the
eginning of the charge and the discharge we see a sharp change
n voltage (�V1) from which the equivalent series resistance
ESR) of the supercapacitor cell has been determined according
o �V1 = 2 × I × ESR. Capacitance of the cell has been mea-
ured along the discharge process according to C = I × td/�V2,
here td and �V2 stand for the discharge time and voltage decre-
ent, respectively. The capacitance (Ce) of each electrode is
e = 2 C in accordance with the series arrangement of the two
lectrodes within the cell. From Ce and the mass of the elec-
rode (i.e. the mass of the carbon nanofibres, the composites
r the bare RuO2·xH2O), the specific capacitance (in F g−1)
as been calculated. Variation of the specific capacitance vs.
he current density is shown in Fig. 8b. We see that in all
ases (i.e. CNF-HCl, nRuO2·xH2O/CNF-HCl composites, and
are RuO2·xH2O) the specific capacitance decreases slightly
s the current density increases. This behaviour agrees with
he fact that electric conductivity is high enough in all cases
38]. On the other hand, we have checked the cycle life of
he composites that is rather high. As an example the super-

apacitor cell having the composite 5RuO2·xH2O/CNF-HCl
s electrode was cycled at a current density of 113 mA cm−2.
fter 10,000 charge/discharge cycles the capacitance had only
ecreased by 7%.
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Fig. 8. (a) Galvanostatic charge/discharge plot recorded at 23 mA cm−2 for
the nRuO ·xH O/CNF-HCl (n = 4) composite. (b) Dependence of the specific
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apacitance as a function of the current density for several nRuO2·xH2O/CNF-
Cl composites (n = 1, 2, 3, 4 and 5). The dependences found for CNF-HCl and
are RuO2·xH2O are included as references.

The specific capacitance measured at a low current den-
ity (1 mA cm−2), i.e. in nearly steady-state, as a function of

he RuO2·xH2O (x = 0.76) content has been plotted in Fig. 9
or the two kinds of composites (RuO2·xH2O/CNF-HCl and
uO2·xH2O/CNF-HNO3). Specific capacitance of CNF-HNO3

32 F g−1) is slightly higher than that of CNF-HCl (27 F g−1) in

ig. 9. Composite specific capacitance as a function of the RuO2·xH2O
x = 0.76) content. Triangles and circles stand for RuO2·xH2O/CNF-HCl com-
osites and RuO2·xH2O/CNF-HNO3 ones, respectively. Straight line is the best
t to Eq. (3).
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ccordance with the higher COOH content of the former sample
40]. In Fig. 9 the specific capacitance of bare RuO2·xH2O has
lso been included. The experimental data are well-fitted to a
traight line in accordance with equation:

sp = (100 − α)
(Csp)1

100
+ α(Csp)2

100
(3)

here α stands for the RuO2·xH2O (x = 0.76) weight per-
entage as already mentioned, (100−α) stands for the carbon
anofibres weight percentage, either CNF-HCl or CNF-HNO3,
Csp)1 stands for the specific capacitance of CNF-HCl or CNF-
NO3 and (Csp)2 stands for the specific capacitance of bare
uO2·xH2O. The fitting by a straight line indicates that the spe-
ific capacitance holds the rule of mixtures, i.e. the two kinds
f composites behave like a mixture of two components: carbon
anofibres and hydrous ruthenium oxide.

In some RuO2·xH2O/carbon composites a linear dependence
f the specific capacitance as a function of the RuO2 con-
ent has been reported [1,5,6,10,17]. However in some others,
he specific capacitance departs from the linear dependence
3,4,6,7,9,12]. In carbon/carbon composites the specific capaci-
ance follows the rule of mixtures [38], but in composites such as
uO2·xH2O/NiO a loading of 20 wt% RuO2·xH2O is sufficient

o get the same specific capacitance as bare RuO2·xH2O [41].
herefore, the specific capacitance does not follow the same

rend in all composites.
In Fig. 9 the intercept of the fitted straight line (Csp)1 gives

specific capacitance of 30 F g−1 for CNF-HCl and for CNF-
NO3; this value is close to their experimental values (27 and
2 F g−1 for CNF-HCl and CNF-HNO3, respectively). From the
lope, which is equal to ((Csp)2 − (Csp)1)/100, we have deduced
specific capacitance of 460 F g−1 for bare RuO2·xH2O. From

he specific capacitance and the specific surface area (SBET)
e have obtained a capacitance per surface area (Csp/SBET) of
5 �F cm−2 for CNF-HCl, 17 �F cm−2 for CNF-HNO3, and
69 �F cm−2 for bare RuO2·xH2O. The two former values
gree with values usually reported for a double-layer mecha-
ism (values ranging from 10 to 20 �F cm−2)[42–44]. The latter
alue agrees with a pseudocapacitance mechanism operating in
uO2·xH2O (values reported are usually above 300 �F cm−2

epending on the RuO2·xH2O annealing treatment and the elec-
rolyte chosen) [27,41].

Based on the fact that the rule of mixtures holds for the
pecific capacitance of the two kinds of composites, the spe-
ific capacitance of supported RuO2·xH2O has been deduced
ccording to Eq. (3). This magnitude has been plotted as a
unction of the composite RuO2·xH2O (x = 0.76) content in
ig. 10. For RuO2·xH2O contents below 11 wt% (region I),

he specific capacitance of supported RuO2·xH2O is anoma-
ously high (840 F g−1) in agreement with results reported for
ther RuO2·xH2O/carbon composites [7,9,10,15,19,22]. More-
ver, the asymptotic trend observed in region I suggests that it is
ossible to obtain even higher specific capacitance for supported

uO2·xH2O (i.e. above 840 F g−1) at very low RuO2·xH2O
ontents. The high specific capacitances found are associated
ith very small particle size (2 nm) of supported RuO2·xH2O.
he decrease of the RuO2·xH2O specific capacitance as the
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Fig. 10. RuO2·xH2O specific capacitance vs. RuO2·xH2O (x = 0.76) content
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n RuO2·xH2O/CNF-HCl composites (triangles) and RuO2·xH2O/CNF-HNO3

omposites (circles). I and II stand for the two regions discussed in the text.
olid line is a guide to the eye.

uO2·xH2O content increases indicates that the rule of mix-
ures fails for composites having low RuO2·xH2O contents
the depart from the rule of mixtures is not clearly observed
n Fig. 9). The decrease in RuO2·xH2O specific capacitance
s associated with an increase in particle size (from 2 to
nm) as observed by TEM. For RuO2·xH2O contents above
1 wt% (region II in Fig. 10) the specific capacitance of sup-
orted RuO2·xH2O is constant, which agrees with the rule
f mixtures. In region II, RuO2·xH2O particle size is con-
tant (4 nm) as observed by TEM. The effect of increasing
uO2·xH2O content is to increase the amount of supported
uO2·xH2O particles. The average specific capacitance of

upported RuO2·xH2O (440 F g−1) is close to the specific capac-
tance of bare RuO2·xH2O (460 F g−1).

. Concluding remarks

Composites consisting of RuO2·xH2O particles deposited
n carbon nanofibres have been prepared by accumulative
reatments consisting of impregnation of carbon nanofibres
ith RuCl3·0.5H2O solution, filtering to remove RuCl3·0.5H2O

xcess and neutralization with NaOH solution to get
uO2·xH2O. The procedure has allowed obtaining composites
ith RuO2 contents as high as 40 wt%; the amount deposited
er treatment is 7 wt% RuO2.

In composites having RuO2·xH2O (x = 0.76) contents below
1 wt%, the composite specific capacitance departs from the rule
f mixtures. RuO2·xH2O specific capacitance decreases from
40 to 440 F g−1 as the particle size increases from 2 to 4 nm. It
eans that the contribution of RuO2·xH2O to the specific capac-

tance of the composite decreases because RuO2·xH2O particles
row. In composites having RuO2·xH2O contents above 11 wt%
he composite specific capacitance holds the rule of mixtures.
uO2·xH2O specific capacitance is constant (440 F g−1) in

greement with a constant RuO2·xH2O particle size (4 nm).

The plot of Fig. 10 seems to be a general plot for carbon-
upported RuO2·xH2O composites. In this plot region I accounts
or the dispersion of the supported RuO2·xH2O particles.

[

[

ources 176 (2008) 417–425

epending on the surface area and porosity of the carbon chosen
s support (activated carbon, mesopore-templated carbon, car-
on aerogel, carbon nanofibre, etc.), region I would be different
n every RuO2·xH2O/carbon composite. This point, however, is
nexplored.
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