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a b s t r a c t

Hydrous ruthenium oxide/carbon black nanocomposites were prepared by impregnation of the carbon
blacks by differently aged inorganic RuO2 sols, i.e. of different particle size. Commercial Black Pearls 2000®

(BP) and Vulcan® XC-72 R (XC) carbon blacks were used. Capacitive properties of BP/RuO2 and XC/RuO2

composites were investigated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) in H2SO4 solution. Capacitance values and capacitance distribution through the composite porous
layer were found different if high- (BP) and low- (XC) surface-area carbons are used as supports. The
aging time (particle size) of Ru oxide sol as well as the concentration of the oxide solid phase in the
impregnating medium influenced the capacitive performance of prepared composites. While the capac-
itance of BP-supported oxide decreases with the aging time, the capacitive ability of XC-supported oxide
uO2

uO2/C composite
seudocapacitance

is promoted with increasing oxide particle size. The increase in concentration of the oxide solid phase in
the impregnating medium caused an improvement of charging/discharging characteristics due to pro-
nounced pseudocapacitance contribution of the increasing amount of inserted oxide. The effects of these
variables in the impregnation process on the energy storage capabilities of prepared nanocomposites are
envisaged as a result of intrinsic way of population of the pores of carbon material by hydrous Ru oxide

particle.

. Introduction

In contrast to classic parallel-plate capacitors, which store
nergy through induced electric field in dielectric medium of mm
hickness, the capacitance of electrochemical capacitors (EC) orig-
nates from characteristic physico-chemical properties of a double
ayer (of nm thickness) which generates in the electrode/electrolyte
nterphase. The strength of electric field can reach even 109 V m−1,
hus bridging the energy/power gap between parallel-plate capac-
tors and batteries as EC super-, or even ultra-capacitors [1].
esides electrostatic energy storage through double layer charg-

ng/discharging, basically associated to high-surface-area carbon
aterials [2,3], some noble metal oxides, such as RuO2 [4–12], IrO2

13–14] and Co3O4 [15–17], and conductive polymers can store
nergy chemically by reversible redox transitions, causing their
seudocapacitive behaviour [1].

One of the most investigated pseudocapacitive materials is

uthenium oxide, which exhibits excellent capacitive performance
ue to several metal-ion redox transitions, close in energy, i.e.
pread over wide potential range [6]. In fabrication of supercapac-
tive material, the oxide is usually supported in the composites by

∗ Corresponding author. Tel.: +381 64 3640 231; fax: +381 11 3640 234.
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other materials of extended surface area, which are of high double
layer capacitance and able to distribute finely the oxide nanoparti-
cles over its surface, such as carbon blacks, fibbers or tubes [18–28].

Although the capacitance of the carbon support can be consid-
erably increased due to pseudocapacitive contribution of inserted
ruthenium oxide, the real surface area of the composite is smaller
in comparison to carbon support [21,27,29]. This is since oxide
particles can block the internal surface of carbon support, and
consequently the capacitive efficiency of the composite can be sup-
pressed. Pico et al. [25] investigated the capacitive performance of
carbon/RuO2 composites prepared from meso- and micro-porous
carbon impregnated by the oxides of two different particle sizes.
Due to blocking issue, they found meso-porous carbon combined
with smaller oxide particles as more suitable for capacitance appli-
cation than micro-porous one. In the case of carbon fibre capacitive
material, Lee et al. [30] found that the capacitance distribution
throughout the capacitive layer is mainly governed by pore length
distribution, rather than by pore size distribution. In addition,
there is an electrolyte accessibility issue to the internal surface of
high-surface-area carbon blacks, which lowers their energy storage

ability in fast charging/discharging processes [31,32].

Bearing in mind above considerations, it appears a strong motif
to investigate what could be the right choice of carbon black if it
should be combined in composites with the oxide of controllable
morphology. It was shown [33,34] that forced hydrolysis of metal

http://www.sciencedirect.com/science/journal/03787753
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samples upon impregnation, inferior characteristics registered at
applied cyclic charging/discharging could not be related to the lack
of impregnation. The causes for such, at first glance, paradoxical
capacitive properties of BP/R 24 and BP/R 46 composites could be
970 V.V. Panić et al. / Journal of Po

hlorides in acid medium produces the oxide dispersions with par-
icle size which can be easily controlled by the duration of forced
ydrolysis process itself, i.e. by the aging of oxide sols. In contin-
ation to the previously published paper [31], in which capacitive
erformance of two carbon black materials of considerably differ-
nt surface area, Black Pearls 2000® (BP) and Vulcan® XC-72 R (XC),
as analyzed in detail from the standpoint of electrolyte and input

ignal accessibility to the internal surface, the aim of the present
ork is to analyze the energy storage properties of BP/and XC/RuO2

omposites. The blocking and accessibility issues are investigated
y impregnating the sol–gel processed oxide from the previously
repared sols (forced hydrolysis process) of different aging time
particle size) and by changing the amount of oxide impregnated
hrough the control of the concentration of oxide solid phase in
he impregnating medium. The structure of the composite and an
n-depth capacitance distribution throughout composite layer is
roposed according to the results of electrochemical impedance
pectroscopy investigations.

. Experimental

Composites were obtained by impregnation of the carbon blacks
ith hydrous ruthenium oxide, from previously prepared suspen-

ions of carbon blacks and RuO2 sols of different aging times (2.5,
, 24 and 46 h).

Colloidal dispersion of ruthenium oxide was prepared by forced
ydrolysis of 5.0 g RuCl3 (RuCl3·xH2O dried at 120 ◦C for 24 h in
itrogen atmosphere) in 0.27 mol dm−3 HCl at boiling tempera-
ure [19] which should give the concentration of the solid phase
f about 0.65 mass% in the resulting oxide sol, calculated to RuO2.
he starting solution was aged for 2.5, 8, 24 and 46 h (aging time,
he duration of the forced hydrolysis process). The final concentra-
ion of the solid phase for all ageing times was found to be around
.0 mass% (dry residue treated in air at 120 ◦C for 24 h), which indi-
ates the presence of highly hydrated oxide [19].

The impregnation process was conducted in prepared suspen-
ions by ultrasonication for 30 min, followed by centrifugal solid
hase separation from the impregnating medium. In order to exam-

ne influence of oxide phase concentration in the impregnating
edium, cIM (and consequently the oxide content in the com-

osite), on the composite properties, volume ratio of carbon BP
uspension and oxide sol aged for 24 h were mixed in different vol-
me ratios. In that way, impregnating mediums with oxide phase
ontents of 2.2, 5.5 and 8.8 g dm−3 were obtained. In the further
ext, composites will be denoted by general labels: C/Rta, where C
tands for carbon substrate type (BP or XC), R for RuO2, ta for aging
ime of RuO2 sol (where for the sake of conciseness tag 2 was used
or ta = 2.5 h).

Prepared composites were dried at 110 ◦C for 24 h. The oxide
ontent in composites obtained by impregnation of carbon BP was
etween 20 and 40 mass%, depending on ta and cIM.

The surface appearance of some of prepared composites was
hecked by scanning electron microscopy, using a JEOL microscope,
odel JSM-T20 (Uw = 20 kV).
Formation of the composite thin-layer at Au and glassy car-

on rotating disk electrodes was done in the same manner as in
he earlier investigation on capacitive properties of carbon blacks
31]. Aqueous suspension, with concentration of the solid phase
f 3.0 g dm−3, was preconditioned in an ultrasonic bath for 1 h.
pplied amount of the suspension corresponded to deposited com-

osite layer mass of 0.233 cm−2. After application of the aqueous
uspension, composite layer was dried at the room temperature,
nd subsequently Nafion® aqueous solution was applied on top of
he layer. Finally, the electrode assembly was dried again at room
emperature for 12 h. By applying thin electrode layers, the inter-
urces 195 (2010) 3969–3976

granular conductivity issues as well as the transition from resistive
to capacitive behaviour, as reported in literature for thick layers
[35–37], are shifted to higher frequencies in impedance spectra.
Hence, the investigation of capacitance distribution within pre-
pared composite layers at open circuit potential, which is mostly
reflected in low-frequency domain, can be extended to wider fre-
quency range and be freed of mentioned conductivity issues which
are out of the scope of this paper.

Cyclic voltammetry (CV) measurements were performed in
deaerated 0.50 mol dm−3 H2SO4, at room temperature (23 ± 1 ◦C),
with saturated calomel electrode (SCE) as a reference and platinum
mash as a counter electrode. Experiments were conducted using
potentiostats AG&G PAR, model 273A and BAS, model CV-27.

Electrochemical impedance spectroscopy (EIS) experiments
were carried out at the potential of 0.55 V (close to open cir-
cuit reading), in deaearated 0.50 mol dm−3 H2SO4. Measurements
were performed by employing potentiostat/galvanostat AG&G PAR
273A, connected to AG&G PAR 5301 lock-in amplifier, or in some
cases by employing femtostat model FAS32, GAMRY Instruments
(Warminster, PA). Working electrode response was recorded for
the sinusoidal input signal of ±10 mV (root mean square). Appro-
priate PC computer software was employed for data acquisition.
The EIS data analysis was done by ZView® software, version 2.6,
Scribner Associates Inc. (Southern Pines, NC).

3. Results and discussion

3.1. Capacitive characteristics of BP/R composites

Cyclic voltammograms of BP/R composites, obtained from dif-
ferently aged oxide sol and the lowest oxide concentration in the
impregnating medium (2.2 g dm−3) are shown and compared to BP
response in Fig. 1. Cyclic voltammograms are of similar, roughly
rectangular shape indicating capacitive behaviour of the composite
in this potential range. It is seen that aging time considerably affects
intensity of voltammetric currents. For shorter aging times, voltam-
metric currents are similar to that of BP (ta = 2.5 h) or somewhat
higher (ta = 8 h) than those obtained for BP. However, for longer
aging times (24 and 46 h) voltammetric currents for the compos-
ites are lower than those for BP. Since mass gain was found for all
Fig. 1. Cyclic voltammograms of BP/R composites, obtained from RuOx sol of differ-
ent aging time, cIM = 2.2 g dm−3; v = 10 mV s−1.
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Fig. 2. Capacitance complex plane plots of BP and BP/R composites obtained from
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uOx sols of different aging time (cIM = 2.2 g dm−3); potential: 0.55 V. The EIS data
f equivalent electrical circuits are given by lines (for the fitting of BP EIS data see
31]).

aused by intrinsic relationship between particle size distribution,
hich changes with the aging time, and the morphology of the

mpregnated carbon black support. Generally, registered voltam-
etric currents decrease with aging time with some exceptions

iscussed later, i.e. with particle growth during the aging of the sol
33].

More detailed insight into capacitive properties of obtained
omposites, i.e. capacitance distribution through the composite
ayer, could be obtained from the analysis of their impedance char-
cteristics at the potential close to that of open circuit reading. In
ig. 2, capacitance complex plane plots of BP, BP/R 2, BP/R 8 and
P/R 46 are given together with plot for carbon substrate [31]. BP/R
4 composite was not considered due to its worst characteristics.
he plots consist of capacitive loops of decreasing radius with aging
ime of the sol, i.e. composite capacitance decreases with aging due
o the increase in oxide particle size.

Although the capacitance plot of BP consists of at least two
verlapped capacitive loops, only one loop can be clearly seen for
omposites. The lowest admittance values (both the imaginary and
eal part) were registered for BP at the frequencies down to 2.0
z. This indicates that a part of composite surface which is eas-

ly accessible to the electrolyte is of larger capacitive ability than
orresponding part of BP surface, due to presence oxide particles.
owever, at the frequencies below 2.0 Hz the admittance of BP
ecomes much larger than that of BP/R 8 and BP/R 46 composite,
ue to appearance of an additional capacitive loop.

With an exception of BP/R 8 composite that is discussed latter
n, results are in accordance with those obtained by cyclic voltam-
etry (Fig. 1).
Impregnation of carbon black by hydrated ruthenium oxide

lways causes decrease in BET real surface [21,38–40]. This
ecrease in real surface becomes more pronounced with an

ncrease in oxide mass fraction [38,41]. However, the decrease in
eal surface area is accompanied with an increase in composite
apacitance caused by oxide pseudocapacitance, which apparently
revails over the reduction in carbon double layer capacitance due
o the decrease in real surface area. These effects of impregnation
re more pronounced if real surface area of carbon substrate is
arger. However, if oxide fraction in composite is rather small, and
f oxide particles are enough large, pseudocapacitive contribution
f the oxide is not sufficient to prevail, or at least to compensate,
he decrease in double layer capacitance caused by decrease in
eal surface area of carbon substrate. Hence, at certain impregna-

ion conditions (leading to small oxide fraction and/or large oxide
articles) and at rather high charging/discharging rates, capaci-
ive properties of the composite may manifest as even worse with
espect to the capacitive properties of carbon substrate.
Fig. 3. Equivalent electrical circuit used to simulate EIS data of BP/R composites.

Equivalent electrical circuit used to fit the impedance data from
Fig. 2 is shown in Fig. 3. The circuit of transmission line type, with
three transmission branches, was required to describe satisfactory
the impedance characteristics of composites (Chi-squared based
on modulus calculated was below 0.001, while relative error of the
parameter values of the elements did not exceed 20%). The assign-
ment of circuit elements is the same as already described in analysis
of EIS behaviour of carbon substrate [31]. In that study [31], trans-
mission line circuit with five branches was required to be employed
for the impedance characteristics of the carbon substrate, point-
ing the more complex capacitance distribution through the BP
layer with respect to composite layer. However, a five-branch cir-
cuit gave also good fitting results for the composite with smallest
oxide particles (2.5 h), which will be used to compare capacitance
characteristics of this composite to carbon substrate in the sec-
tion “Influence of the concentration of oxide phase in impregnating
medium on the capacitive properties of BP/R composites”.

Since qualitative difference between composite and carbon sub-
strate is in the presence of the oxide phase, one should expect
more complex morphology for composite layer. From the stand-
point of EIS capacitive characteristics presented in this paper
(Figs. 2 and 3) it is not the case. Specific capacitances and pore resis-
tances, obtained by fitting the BP/R composite impedance data to
the circuit from Fig. 3, are presented in Fig. 4 as the distribution
throughout the illustrated porous composite layer.

Outer capacitance of composites (related to the surface of the
layer which is directly exposed to the electrolyte bulk), CS, given
as first value of capacitance in electrolyte → substrate direction in
Fig. 4, is for two orders of magnitude larger than outer capacitance
of carbon substrate (0.32 F g−1 [31]), and decreases with aging time
of the sol. Much larger outer capacitance composite in contrast to
carbon substrate is a consequence of presence of oxide particles
impregnated into the outer surface of carbon grains, represented by
the sum of pseudocapacitance and double layer capacitance at elec-
trolyte/oxide interface. Oxide particles grow with sol aging time of
oxide sol, which causes the decrease in outer capacitances in series
BP/R 2 > BP/R 8 > BP/R 46.

There is also a decrease in the values of inner capacitances (sec-
ond value in electrolyte → substrate direction, CU,1) with aging of
the sol. However, the value obtained for BP/R 2 is comparable with
the sum of inner capacitances of the carbon substrate from second
to fourth branch (about 45 F g−1 [31]), while the inner capacitance
of the BP/R 8 and BP/R 46 composites are lower with respect to BP,
which is similar to the cyclic voltammetry results (Fig. 1).

However, the difference between capacitive behaviour of BP/R
8 composite, with respect to BP/R 2, as registered by cyclic voltam-
metry and EIS (Figs. 1 and 2, respectively), deserves additional
attention. While CV measurements show beneficial capacitive per-
formances of BP/R 8, EIS measurements (Figs. 2 and 4) indicate that
capacitance of the composite obtained with the oxide of smaller
particle size (BP/R 2) should be higher. In addition, the oxide par-
ticle size at the aging time of 8 h appears to be a “breaking point”
for the change of the composite pore resistance distribution to con-

siderably higher values (the values are lower for BP/R 2 composite
than that of other composites). These findings indicate that small
oxide particles of BP/R 2 composite are distributed over the surface
of carbon grains, with the composite morphology resembling that
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ig. 4. Capacitance and pore resistance distribution throughout the porous layer of B
xide particles packing onto the surface of carbon substrate.

f carbon support and hindering the electrolyte access to the bare
arbon surface. On the other hand, larger oxide particles tend to
orm a physical mixture with the carbon grains, causing the par-
ial sealing of the pores between the carbon grains, and leaving
onsiderable part of the surface of carbon grains uncovered. As the
onsequence, the anodic excursion of the potential above 0.70 mV
n CV (Fig. 1) causes the formation of functional groups at the sur-
ace of carbon support in the case of BP/R 8 composite, which give
dditional contribution to the pseudocapacitance of this composite.
t is seen that CV currents of BP/R 8 composite and carbon sup-
ort in this potential region are quite similar, although they differ
utside this potential region. The increase in capacitive ability of
arbon/RuO2 composite upon activation of carbon supports was
lso registered by Hu and Wang [28]. Such an increase in CV cur-
ents was not registered for BP/R 2 composite, which indicates that
he oxide of smaller particles covers much tightly the surface of car-
on support. Since in EIS measurements there is no such excursion
o the potentials where the activation by the formation of func-
ional groups on the surface of carbon support can take part, these

easurements reflects only the hindering of the internal part of
he surface of carbon grains in the case of BP/R 8 composite. Con-
equently, the EIS capacitive ability of BP/R 8 composite is smaller
n comparison to BP/R 2 composite, which is opposite to CV find-
ngs. In addition, it should be expected that CV at a single sweep
ate of 10 mV s−1 should reflect in a lesser degree the hindering of
he internal surface of carbon grains than the EIS registered with
weeped frequency.

Decrease in composite inner capacitances with sol aging time is
ccompanied by the increase in pore resistance, Rp,1. Resistance in
ores of BP/R 2 composites corresponds to resistances Rp,1 and Rp,2
f carbon substrate, while resistances in pores of BP/R 8 and BP/R
6 composites are larger than those for carbon substrate. This is a
onsequence of volume shrink of micropores (interparticle space
ithin carbon grains) in which oxide particles gathered, thus hin-
ering the approach of the electrolyte to the interior of carbon
rains (Fig. 4). Oxide particles in BP/R 2 composite are smaller, being
ot able to cause considerable volume shrinkage of micropores
ithin carbon grains. Accordingly, the value of inner capacitance

or this composite is largest, since the contribution of oxide parti-
les, situated in the carbon interparticle space, to overall composite
apacitive characteristics is more pronounced.

Inner capacitance of the composite represented by constant

hase element in the third branch of equivalent circuit in Fig. 3
third value in the electrolyte → substrate direction at Fig. 4), is

uch lower than inner capacitance of the second branch and
oes not depend considerably on the aging time. This capacitance
alue is for an order of magnitude lower than corresponding value
omposite obtained from RuOx sol of different aging time and the sketch of proposed

for carbon substrate (about 10 and 150 F g−1 [31], respectively).
However, the associated pore resistance, Rp,2, is similar to the cor-
responding value of Rp,3 for carbon substrate, which implicates that
inner capacitance in the third circuit branch is associated to mor-
phologically similar parts of porous composite layer and carbon
substrate—to those corresponding to internal surface of the carbon
grains. For these parts of the surface, impregnation failed, since
large oxide particles on the top had closed the pore orifices at the
surface of carbon grains. These oxide particles at the surface of car-
bon grains block the electrolyte access to porous interior of carbon
grains, thus leaving it even dry and making it capacitively inactive.
This should cause the values of inner capacitance of the compos-
ites from the third branch to be much smaller than that of carbon
substrate.

These considerations are illustrated by a sketch given in Fig. 4.

3.2. Influence of the concentration of oxide phase in impregnating
medium on the capacitive properties of BP/R composites

An increase in the oxide phase concentration in the impreg-
nating medium, cIM, leads to an improvement of the capacitive
properties of the composite. Since only BP/R 2 composite capacitive
characteristics can be analyzed by the same equivalent circuit as
that of BP, this composite was chosen for the detailed investigation
of the influence of the concentration of oxide phase in impregnating
medium on the composite capacitive behaviour. Cyclic voltammo-
grams of BP/R 2 composite obtained with different cIM are shown
in Fig. 5. The increase in cIM from 2.2 to 5.5 g dm−3 is followed by
the increase in voltammetric currents, while additional increase in
concentration to 8.8 g dm−3 does not produce significant increase in
the currents. Cyclic voltammograms from Fig. 5 indicate that max-
imum efficiency of impregnation is achieved with concentration of
5.5 g dm−3; additional increase in concentration does not result in
an improvement of the capacitive characteristics of the composite.

Anodic voltammetric currents at 0.55 V for composites obtained
with concentrations of 5.5 and 8.8 g dm−3 are quite similar and
noticeably higher than for the composite obtained at the con-
centration of 2.2 g dm−3. However, EIS results and simulation by
equivalent electric circuit at 0.55 V suggest different capacitive
characteristics of composites obtained with different concentra-
tions of oxide phase in the impregnating medium. Admittance
complex plane plots, obtained at the potential of 0.55 V, for com-

posites obtained at different concentrations of the oxide phase in
the impregnating medium are shown in Fig. 6. For the composite
obtained with concentration of 8.8 g dm−3 the admittance is lower
than for composite obtained with concentration of 5.5 g−3. Admit-
tance data for composite obtained with concentration of 8.8 g dm−3
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ig. 5. Cyclic voltammograms of BP/R 2 composite obtained from impregnating
edia with different concentration of oxide phase, cIM. Sweep rate: 10 mV s−1.

ppear as at least two highly overlapped capacitive loops (4.8 Hz to
5 kHz and 50 mHz to 1.6 Hz).

Five-branch equivalent electrical circuit [31] was employed for
tting the impedance data from Fig. 6, and the fitting results are
hown in Fig. 6 by solid lines. The values of the equivalent electrical
ircuit parameters are shown in Fig. 7 as capacitance and resistance
istribution throughout composite porous layer for different cIM.
he plane cIM = 0 contains previously reported data [31] of carbon
ubstrate.

Outer, and partially the inner coating capacitances (up to the
orth value in the 1 → n direction in Fig. 7a), are increased con-
iderably with respect to BP (plane cIM = 0) when the concentration
ncreases up to 5.5 g dm−3. To this increase in capacitive ability cor-
esponds a decrease in pore resistances (first and second value in
he 1 → n direction in Fig. 7b), which means that corresponding
arts of the 3D layer surface became more easily accessible to the
lectrolyte with the increase in cIM. This is the consequence of an
ncreasing amount of the oxide at the surface of carbon grains.

The inner capacitance, given as fifth value in the 1 → n direction
n Fig. 7a (derived from CPEU parameters), is subjected to a fourfold
ncrease when cIM increases from 2.2 to 5.5 g dm−3, but the value
s still lower than that of BP. Bearing in mind that inner surface
f the carbon grains is already blocked at 2.2 g dm−3 (the sketch

rom Fig. 4), it can be supposed that this capacitance is subjected
o “assignment transition” from inner surface of BP grains to the
nner surface of an oxide layer laying at the surface of BP grains,

hich thickness increases with cIM. This consideration is particu-

ig. 6. Admittance complex plane plots of BP/R 2 composite obtained from impreg-
ating media with different concentration of oxide phase, cIM. EIS data of equivalent
lectrical circuit are given by lines.
Fig. 7. Capacitance (a) and pore resistance (b) distribution throughout the porous
layer of BP/R 2 as the function of oxide phase concentration in the impregnating
medium, cIM. Data for carbon substrate are given for cIM = 0.

larly supported by further increase in fifth value of the capacitance
when cIM is additionally increased to 8.8 g dm−3. At this concen-
tration, the fifth value of the capacitance for the composite is even
higher than corresponding value for BP, while all the values of pore
resistance at this concentration are higher than for the compos-
ite obtained at cIM of 5.5 g dm−3 as the consequence of increased
thickness of the oxide layer that wraps carbon grains.

It follows from above considerations that combination of high-
surface-area BP carbon black and small oxide particles can hardly
lead to superior capacitive performance of BP/RuO2 composite.
Since oxide particles block the pore orifices of the carbon grains,
the interior, i.e. most of the extended carbon surface area, is inac-
cessible, and BP support (in a “grained” form) acts only as a pattern
for impregnation and carrier of capacitively active oxide. In the fol-
lowing Section, the capacitive characteristics of a low-surface-area
XC carbon black/RuO2 composite, prepared by impregnation with
differently aged RuO2 sols are given.
3.3. Capacitive characteristics of XC/R composite

Since optimal concentration of the oxide solid phase for impreg-
nation of BP was found to be 5.5 g dm−3, this concentration was
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ig. 8. Cyclic voltammograms at different scan rates of XC/R composite obtained
rom RuOx sol of different aging time, cIM = 5.5 g dm−3.

hosen for impregnation of XC and examination of oxide sol aging
ffects on capacitive characteristics of the composite. It is to be
oted that due to low wetability of XC, composite capacitive char-
cteristics were found dependent on the time passed from the
oment of immersion into the electrolyte [42]. Hence, all of the

esults presented in this section were collected at fixed time upon
mmersion. Cyclic voltammograms of the XC/R composites, regis-
ered at two different scan rates, are shown in Fig. 8.

Voltammetric currents for XC/R composites are much larger
han those obtained for carbon XC substrate. Current peaks at about
.45 V correspond to ruthenium oxide pseudocapacitive redox
ransition. Couple of less pronounced current peaks at potential of
0.05 V originate from reduction of carbon surface oxygen groups,
hich were formed upon anodic activation of carbon. Changes in
osition and intensity of current peaks reveal that upon decrease in
otential sweep rate contribution of carbon substrate to the overall
oltammetric response becomes more pronounced, as it is reported
arlier [31].

Capacitance complex plane plots of XC/R composites obtained
sing oxide sols of different aging times are shown in Fig. 9. The
iagram for XC/R 2 differs in shape from those obtained for other

wo composites, and appears similar to the diagram of carbon sub-
trate [31]. For XC/R 2 composite, high-frequency capacitive loop
s followed by a tail-shaped low-frequency loop, which appeared
t lower frequencies than corresponding loops of carbon substrate
31]. In addition, the increase in imaginary part at low frequencies,

ig. 9. Capacitance complex plane plots of XC/R composite obtained from the sols of ind
.55 V. Inset: equivalent electrical circuits used to fit the data.
Fig. 10. Capacitance and pore resistance distribution throughout the porous layer
of XC/R composite obtained for the sols of different aging times.

seen for XC [31], is not registered for XC/R 2 composite. In previous
study [31], this increase was assigned to charge transfer resistance
related to quinone/hydroquinone redox transition. This resistance
does not emerge in EIS data for composites since carbon surface is
sheltered by the oxide.

Fitting of the impedance data of XC/R composites were also per-
formed to equivalent electrical circuit of transmission line type.
The circuit consisted of four branches, one more with respect to XC

[31] and without charge transfer resistance in parallel, which was
required for XC. The elements arrangement in the circuit for XC/R
2 composite differed from those in the circuit for other two com-
posites (inset of Fig. 9). For XC/R 2 composite, capacitance of inner
surface is represented by constant phase elements in first three

icated aging times (cIM = 5.5 g dm−3). Electrolyte: 0.50 mol dm−3 H2SO4; potential:
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ranches, while for other composites CPE is used only in the last,
ourth, branch of the circuit. This could mean that the morphology
f XC/R 2 composite is much like that of XC carbon substrate, since
ts inner capacitances were also represented by constant phase
lements [31].

Impedance characteristics of equivalent electric circuits are rep-
esented by lines in Fig. 9, while the values of parameters are
iven in Fig. 10 as capacitance and resistance distribution across
llustrated porous layer of the XC/R composite. Outer composite
apacitance, CS, increases with aging time, opposite to the case of
P/R composites (Fig. 4). Although outer capacitance of the com-
osites obtained with BP is considerably larger than that of BP, outer
apacitance of XC/R 2 composite (about 4 F g−1, Fig. 10) is only dou-
led in comparison to XC substrate (1.8 F g−1 [31]). However, outer
apacitance of XC/R 46 composite (about 20 F g−1) is for an order of
agnitude larger than outer capacitance of the XC. This, as well as

quivalent circuit arrangement (Fig. 9) and SEM results for XC sub-
trate [31], XC/R 2 and XC/R 46 composites – those of composites
re shown in Fig. 11 – clearly points out that the impregnation of
arbon outer surface is weak in the case of XC/R 2 composite, while
t becomes pronounced only with XC/R 46 composite. The surface
ppearance of XC/R 2 composite (Fig. 11a) is quite similar to the
oose structure of XC layer ([31] and Fig. 3c therein), while more
ompact structure of the grains pasted together is seen in surface
ppearance of XC/R 46 composite (Fig. 11b).

Inner capacitances of the XC/R 2 composite porous layer (second

nd third value in the equivalent circuit in the 1 → n direction in
ig. 10) is much larger than outer, while in the cases of XC/R 24 and
C/R 46 composite these two capacitances are similar. Associated
ore resistances increase, while lowest resistance is obtained for

ig. 11. SEM microphotographs of the surface of (a) XC/R 2 and (b) XC/R 46 com-
osite.
urces 195 (2010) 3969–3976 3975

XC/R 24 composite. However, the values of these pore resistances
obtained for the XC/R composite layers are considerably lower than
corresponding value obtained for XC (about 120 � [31]), but quite
similar to the values obtained for BP/R composites, which is also
the case with the values of inner capacitances (Fig. 4). This suggests
that these circuit parameters are to be assigned rather to the oxide
than to the carbon substrate. Second and third value of the inner
capacitance of XC/R 2 composite is much larger than corresponding
capacitances of XC/R 2 and XC/R 46 composites. Therefore, largest
capacitance at slow charging/discharging processes is going to be
expected for XC/R 2 composite. This is seen as larger voltammetric
currents registered for XC/R 2 composite in comparison to XC/R 46
composite at low sweep rate, while capacitive performances of the
later are better at high sweep rate (Fig. 8), due to the larger outer
capacitance (Fig. 10).

Fourth value of the inner capacitance of the XC/R 2 composite
in the 1 → n direction in Fig. 10, is significantly smaller than the
second and third value of inner capacitance (Fig. 10). Taking into
account corresponding resistance in the pores of about 170 �, this
part of the inner capacitance should be considered to correspond to
the capacitive response of hardly accessible parts of the inner oxide
surface, located in the intergranular spaces of the carbon substrate.
Similarly to the case of the BP/R 2 composite, reversibly format-
ted gel oxide phase hinders the electrolyte access to the composite
inner surface.

4. Conclusion

The carbon black/RuO2 composites prepared by sol–gel pro-
cedure from differently aged oxide sol and high-surface-area
carbon (BP) have larger capacitance values than the composites
prepared from low-surface area carbon (XC). Capacitance of the
BP-supported composites decreases with aging of the oxide sol
due to growth of the oxide particles, while the capacitance of XC-
supported composites increases with the aging due to the low
impregnation efficiency of small oxide particles. Increasing con-
centration of the oxide phase in the impregnating medium leads
to the increase in capacitance of the BP/R composites. However,
inner surface of the BP carbon substrate upon composite formation
becomes hardly accessible to the electrolyte and rather inactive,
as a result of pore blocking by the oxide particles at the top of the
carbon grains. The best energy storage performances at low charg-
ing/discharging rates is going to be expected for the composites
prepared from small oxide particles and low-surface-area carbon
blacks, while the composites with high-surface-area carbon sup-
ports should suffer from the loss of energy storage ability of carbon
double layer capacitor part.
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