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a b s t r a c t
Surface-modiﬁed RuO2 nanoparticles–carbon nanoﬁber (CNF) composites are synthesized using electrospinning and acid treatment in sequence, and their structure, morphology, chemical states, and electrochemical performance are demonstrated. The surface-modiﬁed RuO2–CNF composites exhibited the
highest speciﬁc capacitance of 224.6 F g1, high-rate performance with capacitance retention of 80%,
superior energy density of 26.9–21.5 Wh kg1, and excellent cycling stability of 90% after up to 3000
cycles, compared to the conventional CNFs, surface-modiﬁed CNFs, and unmodiﬁed RuO2 nanoparticles–CNF composites. Their improved electrochemical performance can be explained as synergistic effect
of well-distributed RuO2 nanoparticles within the matrix of CNFs and surface modiﬁcation induced by the
increased number of oxygen-containing functional groups, which results in increased capacitance and
improved high-rate performance due to Faradaic redox reactions and improved wettability.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
Electrochemical capacitors (ECs) have attracted great interest
for various applications, such as in electronics, electric hybrid vehicles, and industrial power management, owing to their high power
density, fast energy-storage ability, long cycle life, and broad range
of working temperatures, compared to conventional secondary
batteries [1–6]. Since the electrochemical performance of ECs
directly depends on the properties of the electrode materials, the
development of electrode materials having high capacitance, highrate performance, and long cycle life can be considered as the key
technology for high-performance ECs. In particular, in terms of different energy-storage mechanisms, ECs can be generally divided
into two types: electric double-layer capacitors (EDLCs) and pseudo-capacitors. EDLCs are based on the accumulation of electrostatic charges in the electric double-layer between the electrode and
the electrolyte. Carbon-based materials, such as activated carbon,
graphene, carbon nanotubes (CNTs), and carbon nanoﬁbers
(CNFs) are usually used as electrodes in EDLCs due to their unique
properties, such as low cost, large surface area, and physical/chemical stability [7–9]. Despite these advantages, the use of carbon
materials for ECs is limited because of their low charge-storage
capability. On the other hand, compared to EDLCs, pseudo-capacitors possess much higher charge-storage capability between
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the electrode and the electrolyte due to Faradaic redox reactions
[10,11]. The typical electrode materials of pseudo-capacitors are
transition-metal oxides (e.g., RuO2, Co3O4, MnO2, V2O5, and NiO)
and conducting polymers (e.g., polyaniline, polythiophene, and
polypyrrole) [12]. Although they have high charge-storage capability, disadvantages, such as high cost, particle aggregation of
transition-metal oxides and conducting polymers, and relatively
low electronic conductivity limit their application rang.
Many efforts have been made to conquer the above-mentioned
disadvantages of carbon materials and transition-metal oxides.
One of the strategies is to synthesize composite structures consisting of carbon materials and transition-metal oxides. For example,
Ramakrishnan et al. [13] synthesized metallic cobalt nanoparticles
embedded within carbon nanorods using electrospinning, which
exhibited a speciﬁc capacitance of 146 Fg1 with good cycling stability. Another approach is to surface-modify the electrode materials using acid treatments [14,15]. For example, Li et al. [16]
investigated activated CNTs using the mixed acid composed of
H2SO4 and HNO3, resulting in an electrode with a speciﬁc capacitance of 56.5 Fg1. However, a systematic study on RuO2 nanoparticles–CNF composites combined with surface modiﬁcation for
high-performance ECs has not been performed until now. Thus,
we synthesized a novel structure relative to the existing surfacemodiﬁed RuO2 nanoparticles–CNF composites by applying electrospinning and acid treatment in sequence. The CNFs were chosen as
matrix of the composite electrodes due to their low cost, high surface area-to-volume ratio (462 m2 g1), superb electrical
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conductivity (102 S cm1), and excellent chemical/physical stability, as well as the network of nanostructures causing efﬁcient
electron transport [17–20].
2. Experimental details
2.1. Chemicals
Polyacrylonitrile (PAN, Mw = 150,000), ruthenium (III)
chloride hydrate (RuCl3xH2O), polyvinylpyrrolidone (PVP,
Mw = 1,300,000), N,N-dimethylformamide (DMF, 99.8%), nitric acid
(70%), and N-methyl-2-pyrrolidinone (NMP, 99.5%) were purchased from Sigma–Aldrich. All chemicals were used without further puriﬁcation.
2.2. Synthesis of surface-modiﬁed RuO2–CNF composites
Surface-modiﬁed RuO2 nanoparticles–CNF composites were
synthesized using electrospinning and acid treatment in sequence.
For comparison, we prepared four different types of electrode
materials, namely conventional CNFs, surface-modiﬁed CNFs,
RuO2 nanoparticles–CNF composites, and surface-modiﬁed
RuO2 nanoparticles–CNF composites. First, 7 wt% PAN, 3 wt%
RuCl3xH2O, and 4 wt% PVP were dissolved in DMF under vigorous
stirring for 5 h. For proper electrospinning conditions, the working
voltage and feeding rate were maintained at 13 kV and 0.03 mL/h,
respectively. The distance between the syringe needle and collector was set at 15 cm under 10% humidity in the chamber. The asspun nanoﬁbers were stabilized at 280 °C for 2 h in air and then
carbonized at 800 °C for 2 h under N2 gas (99.999%) to obtain the
RuO2–CNF composites. The resultant composites were oxidized
for the formation of oxygen-containing functional groups, such as
C–O, C@O, and O–C@O groups at the surfaces using an HNO3 solution for 5 h. The surface-modiﬁed composites were washed several
times with de-ionized (DI) water and then dried in an oven at
80 °C, ﬁnally resulting in the preparation of surface-modiﬁed
RuO2–CNF composites. In addition, conventional CNFs were prepared without Ru precursor and the surface-modiﬁed CNFs were
prepared using the above-mentioned acid treatment.
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coated on Ni foam with size of 1 cm  1 cm and the resultant electrodes were dried in air at 100 °C for 12 h. The mass and thickness
of the electrodes were ﬁxed at 10 mg and 0.1 mm, respectively.
Cyclic voltammetry (CV) measurements were performed using a
potentiostat/galvanostat (Autolab PGSTAT302N, FRA32M) in the
potential range of 0.0–1.0 V at the scan rate of 10 mV s1. The galvanostatic charge/discharge measurements were demonstrated at
a current density of 0.2–10 A g1 in a voltage range of 0.0–1.0 V
using a battery cycler system (WonA Tech., WMPG 3000). The
cycling stability of the cells was investigated for up to 3000 cycles
at the current density of 1 A g1.
3. Results and discussion
Fig. 1 shows FESEM images of the conventional CNFs, surfacemodiﬁed CNFs, RuO2–CNF composites, and surface-modiﬁed
RuO2–CNF composites. All samples exhibit smooth surfaces and
uniform morphologies. The average diameters of the samples are
estimated to be about 274–296 nm for the conventional CNFs
(Fig. 1a), 265–289 nm for surface-modiﬁed CNFs (Fig. 1b),
213–221 nm for RuO2–CNF composites (Fig. 1c), and 212–219 nm
for surface-modiﬁed RuO2–CNF composites (Fig. 1d). In particular,
the diameters of the untreated and surface-modiﬁed RuO2–CNF
composites are smaller than those of the conventional and surface-modiﬁed CNFs. The reason for the different average size is
the slight consumption of CNFs during the carbonization process
because of the partial oxidation–reduction reaction between the
Ru precursor and PVP polymer [21,22]. Furthermore, both the
untreated and surface-modiﬁed RuO2–CNF composites display
the formation of uniform nanoﬁbers without any beads of agglomerated RuO2 on the CNF surface, which implies that the RuO2
nanoparticles were totally embedded within the CNF matrix.
The structure and morphology of the individual samples were
further analyzed by TEM. Fig. 2 shows low-resolution ((a)–(d))
and high-resolution ((e)–(h)) TEM images of the conventional
CNFs, surface-modiﬁed CNFs, RuO2–CNF composites, and
surface-modiﬁed RuO2–CNF composites. The conventional CNFs
(Fig. 2a and e) and surface-modiﬁed CNFs (Fig. 2b and f) exhibit

2.3. Characterization
Field-emission scanning electron microscopy (FESEM, Hitachi
S-4800) and transmission electron microscopy (TEM; Tecnai G2,
KBSI Gwangju Center) were used to investigate the structure and
morphology of the samples. TEM–EDS mapping was performed
by a Phillips CM20T/STEM equipped with an energy-dispersive
X-ray spectrometer (EDS). The contents of the samples were characterized by thermogravimetric analysis (TGA-50, Shimadzu) in
the temperature range from 100 to 500 °C at a heating rate of
10 °C min1 in air atmosphere. The crystallinity and the chemical
bonding states of the samples were examined by X-ray diffraction
(XRD, Rigaku D/MAX2500V) with Cu Ka radiation in the angular
range from 10° to 90° with a step size of 0.02° and X-ray photoelectron spectroscopy (XPS, ESCALAB250) employing an Al Ka X-ray
source under a base pressure of 267 nPa.
2.4. Electrode preparation and electrochemical measurements
Electrochemical measurements were performed using a symmetric two-electrode system with 6 M KOH solution as electrolyte.
The prepared samples were mixed with Ketjen black (Mitsubishi
Chemical, ECP-600JD) as conducting material and poly(vinylidene
diﬂuoride) (PVDF, Alfa Aesar) as binder in the weight ratio of
8:1:1. The slurry, which was prepared in NMP as solvent, was

Fig. 1. FESEM images of the conventional CNFs, surface-modiﬁed CNFs, untreated
RuO2–CNF composites, and surface-modiﬁed RuO2–CNF composites.
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Fig. 2. Low-resolution ((a)–(d)) and high-resolution ((e)–(h)) TEM images of the conventional CNFs, surface-modiﬁed CNFs, untreated RuO2–CNF composites, and surfacemodiﬁed RuO2–CNF composites. (i) TEM–EDS mapping data obtained from surface-modiﬁed RuO2–CNF composites.

a uniform contrast because there exists only a single phase in these
CNFs, whereas the untreated (Fig. 2c and g) and surface-modiﬁed
RuO2–CNFs (Fig. 2d and h) composites display non-uniform contrast owing to the existence of RuO2 nanoparticles in the CNF
matrix. In addition, the two samples show well-distributed RuO2
nanoparticles with 2–3 nm in size inside of the CNF matrix.
Therefore, these results imply that the structure and morphology
of the surface-modiﬁed composites is not strongly modiﬁed by
the acid-treatment. Fig. 2i presents TEM–EDS mapping data
obtained from surface-modiﬁed RuO2–CNF composites to conﬁrm
the well-distribution of Ru atoms in the CNF matrix. The EDS
results indicate that Ru atoms are uniformly dispersed in the CNF
matrix.
To further investigate the contents and thermal stability of the
untreated and surface-modiﬁed RuO2–CNF composites, TGA analysis from 100 to 500 °C at a heating rate of 10 °C min1 was carried
out in air atmosphere, as shown in Fig. 3. The untreated and surface-modiﬁed RuO2–CNF composites exhibited a weight loss of
26.2% and 25.8%, respectively. The similar weight loss of the two
samples is attributed to almost the same amount of RuO2
nanoparticles.

Fig. 3. TGA curves of the conventional CNFs, surface-modiﬁed CNFs, untreated
RuO2–CNF composites, and surface-modiﬁed RuO2–CNF composites from 100 to
500 °C at a heating rate of 10 °C min1 in air atmosphere.

Fig. 4a shows XRD patterns of all samples to examine their crystallographic structure and degree of crystallinity. The reference
reﬂection of the pure RuO2 phase (JCPDS card No. 88-0322) is
shown at the bottom of Fig. 4a. The conventional and surface-modiﬁed CNFs exhibit only a broad peak around 25°, corresponding to
the (0 0 2) reﬂection of graphite. Concerning the untreated and surface-modiﬁed RuO2–CNF composites, the corresponding XRD patterns exhibit the main diffraction peak at 28.0°, corresponding to
the (1 1 0) plane of the RuO2 phase with tetragonal structure (space
group P42/mnm [136]). To verify the chemical bonding states of
the CNF and RuO2 phase of the surface-modiﬁed composites, XPS
measurements were performed, as shown in Fig. 4b and d. The
decomposition of the C1s spectra of untreated and surface-modiﬁed RuO2–CNF composites (Fig. 4b and c) results in intensities at
284.5 eV, 286.0 eV, 287.4 eV, and 288.9 eV, which correspond to
C–C groups, C–O groups, C@O groups, and O–C@O groups, respectively [23]. The C–O and C@O groups correspond to hydroxyl (–OH)
and the O–C@O groups correspond to carboxyl (–COOH) groups.
Table 1 summarizes the percentages of several oxygen-containing
functional groups at the surface of the untreated and surface-modiﬁed RuO2–CNF composites. The results evidence an enhancement
in the number of oxygen-functional groups relative to the number
of carboxyl groups at the composite surface after the acid treatment. The percentage of carboxyl groups of the untreated and surface-modiﬁed RuO2–CNF composites was 6.5% and 10.9%,
respectively. The increased number of oxygen-containing functional groups can provide better electrochemical performance in ECs
compared to carbon–carbon groups due to synergistic effects of
pseudo-capacitance and improved wettability resulting in
improved ion transport properties, in particular at high current
density [24,25]. Fig. 4d displays Ru 3p core-level spectra from Ru
3p3/2 and Ru 3p1/2 photoelectrons, observed at 464.0 eV and
486.7 eV, respectively. This implies that the Ru ions of the RuO2
phase exist in form of Ru(IV) states [26]. Thus, the FESEM, TEM,
XRD, and XPS results indicate the successful synthesis of surfacemodiﬁed RuO2 nanoparticles–CNF composites. Fig. 4e presents a
schematic illustration of ideal composites of surface-modiﬁed
RuO2 nanoparticles and CNFs.
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Fig. 4. (a) XRD patterns of the conventional CNFs, surface-modiﬁed CNFs, untreated RuO2–CNF composites, and surface-modiﬁed RuO2–CNF composites. (b) XPS spectra of
C1s of untreated RuO2–CNF composites. (c) XPS spectra of C1s of surface-modiﬁed RuO2–CNF composites. (d) XPS core-level spectra of Ru 3p3/2 and Ru 3p1/2 of surfacemodiﬁed RuO2–CNF composites. (e) A schematic illustration of ideal composites of surface-modiﬁed RuO2 nanoparticles and CNFs.

Table 1
Percentages of several oxygen-containing functional groups on the surfaces of untreated RuO2–CNF composites, and surface-modiﬁed RuO2–CNF composites before and after the
acid treatment.
Samples

C–C (284.5 eV) Concentration
(%)

C–O (286.0 eV) Concentration
(%)

C@O (287.4 eV) Concentration
(%)

O–C@O (288.9 eV) Concentration
(%)

Untreated RuO2/CNF
Surface modiﬁed RuO2/CNF

64
59

22.3
22.9

7.2
7.2

6.5
10.9

Fig. 5. (a) Cyclic voltammetry (CV) measurements of all electrodes at the scan rate of 10 mV s1 in a voltage range of 0.0–1.0 V. (b) Speciﬁc capacitance at a current density of
0.2–10 A g1. (c) A Ragone plot of all electrodes in the power density range from 349.0–17454.5 W kg1. (d) Cycling stability at a current density of 1 A g1 for up to 3000
cycles.

To examine the electrochemical properties of all electrodes, CV
measurements were performed by a potentiostat/galvanostat in
the potential range of 0.0–1.0 V at the scan rate of 10 mV s1 in

aqueous 6M KOH, as shown in Fig. 5a. In particular, the surfacemodiﬁed RuO2–CNF composite electrode showed a larger quasirectangular curve, which means that it possesses excellent
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capacitive properties. Moreover, the broad peaks at 0.4–0.5 V in CV
indicate a pseudo-capacitance behavior corresponding to Faradaic
redox reactions owing to the co-existence of RuO2 nanoparticles
embedded within the CNFs and enhanced oxygen-containing functional groups at the surfaces. The speciﬁc capacitance of the electrodes was calculated by the following equation [27,28]:

C sp ¼ 4I=ðmdV=dtÞ

ð1Þ

where I is the current (A), m is the total mass of the active material
(g), V is the voltage window (V), and t is the discharging time (s).
As shown in Fig. 5b, the speciﬁc capacitances of conventional CNF,
surface-modiﬁed CNF, RuO2–CNF composite, and surface-modiﬁed
RuO2–CNF composite electrodes at the current density of 0.2 A g1
are 44.8, 112.4, 163.2, and 224.6 F g1, respectively. The surfacemodiﬁed RuO2–CNF electrode indicated superior speciﬁc
capacitance at all current densities among the electrodes investigated in this study, ascribed to synergistic effects arising from the
co-existence of well-distributed RuO2 nanoparticles in CNFs and an
enhanced number of oxygen-containing functional groups at the surfaces. In addition, the speciﬁc capacitances of all electrodes decrease
sharply with increasing current density due to the reduced ion diffusion time during the charge/discharge process. Nevertheless, the surface-modiﬁed RuO2–CNF composite electrode exhibited excellent
high-rate performance with the speciﬁc capacitance of 179.2 F g1
even at the high current density of 10 A g1 and the retention of
80%, owing to the improved wettability. At high current density,
the oxygen-containing functional groups are easily accessible to
the ions [25].
In the Ragone plot (Fig. 5c), the energy density (E, Wh kg1) and
power density (P, W kg1) were evaluated on the basis of the galvanostatic charge/discharge measurements using a two-electrode
system by the following equation [29]:

4. Conclusion
Surface-modiﬁed RuO2–CNF composites for use as electrodes in
ECs were synthesized using electrospinning and acid treatment in
sequence. RuO2 nanoparticles having 2–3 nm in size were uniformly embedded within the surface-modiﬁed CNFs. After the acid
treatment, the amount of oxygen-containing functional groups
(–COOH groups) at the CNF surface increased by up to 10.9%. The
surface-modiﬁed RuO2–CNF composites exhibited superior speciﬁc
capacitance of 224.6 F g1 at the current density of 0.2 A g1, highrate performance with a capacitance retention of 80%, superb energy density of 26.9–21.5 Wh kg1, and excellent cycling stability for
up to 3000 cycles. The superior electrochemical properties become
evident by the comparison to conventional CNFs, surface-modiﬁed
CNFs, and untreated RuO2–CNF composites. Thus, the excellent
electrochemical performance is based on the synergistic effect of
well-distributed RuO2 nanoparticles within the CNFs and the
increased number of oxygen-containing functional groups at the
CNF surfaces.
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