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a b s t r a c t

Considerable promotion of RuO2 hosted by perovskite-like structure of rare eartheCoO3 composite and
vice versa supercapacitive performances is reported. Spherical, sub-mm-sized, regular spheres of
La0.6Sr0.4CoO3 (LSCO), were synthesized by ultrasonic spray pyrolysis. The sphere surface was subse-
quently hydrothermally doped by RuO2. LSCO and LSCO/RuO2 composites were investigated for their
supercapacitive performances in alkaline solution. Microstructure and surface morphology were studied
by SEM and XRD. It was found that amorphous Ru species decorate LSCO surface, and possibly incor-
porate partially into B-site of the LSCO lattice. Electrochemical characterization by cyclic voltammetry
(CV), galvanostatic charge-discharge (G-C/DC) and electrochemical impedance spectroscopy (EIS) clearly
revealed that capacitive performances of LSCO are considerably improved by addition of 20 mass. % of
RuO2. The registered capacitance for LSCO/RuO2 reaches the values of pure RuO2, which reveals the
promoting influence of LSCO on RuO2 pseudocapacitance. The EIS analysis showed that RuO2 catalyzes
the redox transition of Co species, with simultaneous proportional increase in pseudocapacitive RuO2

abilities while being hosted by LSCO. This intrinsic interactive promotion introduces LSCO/RuO2 com-
posite as unique supercapacitive material. G-C/DC curves showed that LSCO/RuO2 is of modest cyclability
with respect to pure LSCO and RuO2, although the capacitance losses with cycling are acceptably low.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, huge research efforts in investigation of novel
materials used in electrochemistry-based energy storage processes
are triggered [1]. Supercapacitors, as a bridge between batteries
and traditional capacitors, have attracted significant attention as
new promising energy storage devices [1e3]. Supercapacitor de-
livers high power densities (about 1e100 kWkg�1) for a given en-
ergy density (of a device being classified as capabattery) and long
istry, Institute of Chemistry,
rbia.
Technology and Metallurgy,
ade, Njego�seva 12, Belgrade,

lovi�c).
cyclability (105~106 cycles) while charges/discharges in high rates
with respect to batteries [1,2,4,5].

Transition metal oxides (TMOs) are considered as an ideal
electrode materials for electrochemical redox transitions-based
pseudocapacitors (EPCs), because they can provide a variety of
oxidation states for rather fast and efficient redox transitions [6].
Among the electroactive materials used for EPCs, hydrous RuO2was
identified as an excellent candidate because of its high theoretical
specific capacitance (1358 Fg�1), electrical conductivity (300
Scm�1) and high electrochemical stability [1,7,8]. However, the
commercial application of RuO2 is questionable due to its high cost,
low porosity, and toxicity associated with Ru [6,7]. Numerous new
materials have been widely designed and prepared to overcome
this issue [9e13]. One possible way to reduce costs is the partial
substitution of Ru species in a different types of oxide structures [7].
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Rare earth ruthenates with perovskite structure of the general
formula ABO3 (where A-lanthanide, B-transition metal) containing
ruthenium in the B-site position have been shown to exhibit
pseudocapacitance behavior [7,14]. Furthermore, some perovskite
materials based on cobalt oxide are considered to be valuable with
regard to energy device applications due to their mixed proton/
electron conductivity [15]. Perovskites containing Ru on the B po-
sition have been shown to exhibit pseudocapacitive behavior and
metallic conductivity [7,16]. These mixed conductors are synthe-
sized in various material combinations [14,17,18], including
strontium-doped lanthanum cobaltites (La1-xSrxCoO3-d, LSCO) [15],
which are one of the most promising perovskite compounds
(containing La and Sr cations on A-sites with Co cations on B-sites)
due high electrochemical stability and fast charge/discharge rates
[15].

La1-xSrxCoO3-d films can be prepared by different techniques,
like sol-gel method, spin coating, dipping-pyrolysis, vapor deposi-
tion, etc. Spray pyrolysis was found to be of several advantages: low
cost, flexibility, convenience for large deposition area and capability
for preparing nanostructured thin films [17e19]. There are litera-
ture reports about promising synthesis of perovskite materials by
ultrasonic spray pyrolysis (USP). Perovskite material is known for
being able to improve the performance of solid oxide fuel cells
(SOFC). One of the most representative perovskite-based SOFC
anode material is lanthanum-doped SrTiO3 (LST), because it shows
good chemical stability, high electrical conductivity under very low
oxygen partial pressures and stable performance under cycling
condition [20]. LST powders were prepared by USP from aqueous
solution of a metal nitrates [20]. The SOFC performances were
improved by USP-synthesized LST due to increase in electrode area.
In addition, the sintered LST body showed the dependence of
electrical conductivity on La doping concentration under reduction
atmosphere.

Bearing in mind these considerations, Co-based perovskites
could be good candidates for supercapacitive applications with
prolonged cyclability in comparison to carbon-based composites
due to their mixed proton/electron conductivity and cycling stabil-
ity. LSCO should be of wider voltage window than carbonaceous
materials, with the possibility to interactively host the pseudoca-
pacitive oxide, such as RuO2. This could involve not only simple
surface adsorption, but also full or partial incorporation into the
oxide structure, like in the case of rare earth ruthenates. Its capacitor
applications appear to be restricted to alkaline to neutral media,
owing to the LSCO composition. Hence, this work aims to investigate
supercapacitive potentials of pure LSCO and LSCO hydrothermally
doped by RuO2. Single-step USP was applied to synthesize LSCO,
whereas the incorporation of RuO2 into LSCO was performed by
hydrothermal alkaline hydrolysis of ruthenium chloride.

2. Experimental

2.1. Synthesis of La0.6Sr0.4CoO3 powder by ultrasonic spray pyrolysis

The synthesis of Co-based oxide, namely La0.6Sr0.4CoO3 (LSCO),
was performed within single-step USP procedure. The detailed USP
synthesis procedure and prototype USP device are explained in
Supplementary material (Fig. S1). As starting precursors aqueous
solutions with 0.10M concentration of La(NO3)3$6H2O (99.9% rare
earth oxide), Sr(NO3)2 (99%) and Co(NO3)2 (98%), all from Alfa
Aeser, were used for the synthesis of LSCO.

2.2. Preparation of ruthenium oxide-impregnated LSCO
nanocomposite

LSCO/RuO2 (20 mass % RuO2, nominal) composite was
synthesized through simple chemical precipitation method. Water
suspension of USP-synthesized La0.6Sr0.4CoO3 powder and ruthe-
nium chloride (RuCl3$H2O) were used as starting materials. LSCO
powder was ultrasonically suspended for 30min and the pH value
of the magnetically stirred suspension was afterwards adjusted to
10 by 0.10M KOH. With pH kept constant, 0.10M water solution of
RuCl3 is added dropwise to the LSCO suspension and the stirring is
continued for another 1 h. The resulting stable blackish precipitate
was washed with distilled water and ethanol several times, and
finally dried at 150 �C for 3 h.

3. Characterization techniques

3.1. Surface morphology and structural analysis

The morphology and elemental composition of LSCO and LSCO/
RuO2 powders were analyzed by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS). A scanning
electron microscope (Zeiss DSM 982 Gemini; Vega TS 5130MM
Tescan) was used to examine the appearance of obtained LSCO
particles. In order to test the applicative potentials of LSCO-based
materials in different capacitor electrolytes, SEM and EDS were
performed upon exposition of LSCO powder to aqueous, alkaline
and acid media. The synthesized powder was mixed with water,
0.10MH2SO4 or 0.10MKOH, stirred for 1 h, centrifuged and dried in
air prior to SEM and EDS investigation. The elemental composition
was determined by EDS with a Si(Bi) X-ray detector connected to
the SEM and a multi-channel analyzer. The identification of ele-
ments was performed via the unique set of peaks from reflected X-
ray spectrum.

Structural and phase analysis of the LSCO and LSCO/RuO2 par-
ticles were examined by X-ray diffraction (XRD) measurements on
Philips PW 1050 powder diffractometer at room temperature with
Ni-filtered CuKa radiation (l¼ 1.54178 Å) and scintillation detector
within 10e82� 2q range in steps of 0.05�, and scanning rate of 5 s
per step.

3.2. Electrochemical measurements

Electrochemical properties of LSCO and LSCO/RuO2 were stud-
ied by cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and galvanostatic charge-discharge (G-C/DC) tests.
The electrochemical measurements were performed in a conven-
tional three-electrode cell. A platinum foil and Hg/HgO/1M KOH
electrode were used as counter and reference electrode, respec-
tively. All potentials in the discussion are referred to the Hg/HgO
electrode. The working electrode was glassy carbon (GC, Sigradure
Sigri, Elektrographite, GmbH, Germany) with the surface area of
0.39 cm2 covered by a thin layer of LSCO or LSCO/RuO2 according to
the following procedure. 39 mL of LSCO or LSCO/RuO2 water sus-
pension (3mgmL�1) was added onto GC by micropipette. After 2 h
of drying in air, the same volume of Nafion solution (100:1 vs.
water), achieved by dissolving Nafion perfluorinated resin solution
in 1mL water, was added on top of the layer and left to additionally
dry at room temperature. The thin Nafion film binds the investi-
gated powders to GC substrate and provides necessary proton
transport towards the electrode layer. The cell was purged with N2
for 30min prior to electrochemical measurements. An electro-
chemical work station (BioLogic SAS, SP-240, Grenoble, France) of
potentiostat/galvanostat provided with corrosion and physical
electrochemistry software was employed. The CV responses in
0.10M KOH were checked at the scan rate of 50mVs�1. The specific
capacitance, the most important indicator for the evaluation of
electrode properties for supercapacitors [21,22], was calculated
from the CV data according to the following Eq. (1):



Table 1
EDS comparative analysis of LSCO powder in the pristine condition and after im-
mersion in: water, alkaline and acid solution (at.%).

Element/at. % Powder KOH H2SO4 Water

O 16,92 63.55 50.40 63.24
Sr 8.66 8.65 32.31 9.11
La 10.56 11.18 1.60 10.77
Co 16.92 16.62 15.17 16.60
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Cs ¼ 1
2myðjEaj þ jEcjÞ

ðEa

Ec

IðEÞdE (1)

where Cs (F g�1) is the specific capacitance, m (g) is the mass of the
active material, I (E) is the current recorded during CV, y (V s�1) is
the scan rate, and Ea and Ec (V) are low and high potential inte-
gration limits or the capacitive potential window.

EIS studies were carried out in the frequency range of
10�2e106 Hz by using 10mV root mean square sinusoidal potential
amplitude around open circuit reading (63.2, 75.1 and 68.8mV for
LSCO, LSCO/RuO2 and RuO2, respectively). The EIS data were fitted
and analyzed by means of the equivalent circuit using the EC-Lab®
software (version V11.16).

The cycle-life tests of the samples were analyzed by G-C/DC
tests with the same laboratory equipment. Galvanostatically
charged and discharged curves were measured at (50 mA) and high
(0.50mA) current densities until the 500mV voltage range is spent.
The specific capacitances were calculated from the following
equation (2) [23,24]:

C ¼ IDt
mDE

(2)

where C (F g�1) is the specific capacitance, I (mA) represent the
charge/discharge current, Dt (s) is the time required to spent the
potential window, DE (V), and m (g) represents the mass of active
material.

4. Results and discussion

4.1. SEM and EDS analysis

Morphology plays an important role in the electrochemical
behavior of the porous materials since it should to allow maximal
availability of active sites [25,26]. Morphology of the LSCO powder
is presented in Fig. 1 by its typical SEM appearance. EDS composi-
tion is presented in Table 1. As-prepared LSCO powder is uniformly
consisted of almost ideal spherical grains, with a sphere diameter in
the range of 0.5e3 mm. EDS composition mapping was done on
three spots at different spheres and the average value of these
elemental compositions are listed in Table 1.
Fig. 1. Typical SEM microphotograph of La0.6Sr0.4CoO3 powder synthesized by ultra-
sonic spray pyrolysis.
The morphologies of LSCO powders exposed to different media
are presented in Fig. 2. No significant changes in powder
morphology of LSCO upon its exposure to water (Fig. 2a) or alkaline
medium (Fig. 2b) were found. On the other hand, acid medium
considerably violates the spherical structure, as seen in Fig. 2c.

LSCO appears chemically stable in alkaline solution, with un-
changed spherical morphology and sphere diameter comparable to
original LSCO powder. On the other hand, the SEM surface
appearance of the powder upon exposure to acid solution is
considerably different. There are no signs of uniform spherical
structure. This structure was ruined in a high extent with simul-
taneous agglomeration of the material. The surface of agglomerates
appears uniformly roughed, contrary to the extensively smooth
surface of initial spheres.

EDS analysis results of LSCO powders exposed to 0.10M KOH,
0.10MH2SO4 and water are shown in Table 1, alongside with
quantity analysis of LSCO powder obtained by USP method.

As seen in Table 1, the detected contents of La and Sr elements
for LSCO powder are negligibly different from stoichiometric one of
3:2, the difference is even negligible due to the poor accuracy of
EDS. The La:Sr ratio were 1.22, 1.18 and 1.30 for LSCO powder, LSCO
in water and LSCO in KOH solution, respectively. It can be observed
by comparing EDS values with LSCO powder in pristine condition
from Table 1 that there is no dissolution of any component in KOH.
Therefore, the LSCO powder is chemically stable and of preserved
morphology in alkaline solution. On the other hand, drastic relative
decrease in La and increase in Sr contents, as well as slight decrease
of Co content, can be observed by exposition to acid solution
(Table 1). The Sr:Co ratio was 1:2 in original LSCO powder, while it
changed to 2:1 when it is in acidic environment. This proves that
crystal lattice is destroyed and diverse into another type of crystal
structure. It can be concluded that acidic environment dissolves La
and Co from LSCO crystal structure, and hence changes not only its
morphology, but also crystalline structure because of change in
Sr:Co ratio.

The morphology of novel LSCO/RuO2 material was also charac-
terized by SEM and the images are shown in Fig. 3. Spherical
structure of initial LSCO powder is maintained. Although LSCO/
RuO2 powder has the same spherical shape some changes of par-
ticle surface structure can be noticed. It appears that some addi-
tional particles are incorporated into the LSCO surface. We presume
that these particles are to be RuO2 on the surface of LSCO particle
with size roughly around 2e3 nm. The enlarged view in Fig. 3b
shows that supposed RuO2 is uniformly arranged on the surface of
LSCO spheres.

The averaged elemental composition of the grains was analyzed
by EDS, confirming the Ru presence in the nanocomposite LSCO/
RuO2 powder.

From Table 2 it can be observed that avarage value of 2 at. % of
rutheniumwas detected in this powder. Spectrum show very small
Sr content and it is below EDS detection limit. The mass % value of
ruthenium oxide was calculated from at. % of ruthenium. The cal-
culations returned 13 mass % of ruthenium oxide is incorporated
into the LSCO. Hence, ruthenium oxide nanoparticles supported on
LSCO surface was obtained by combined USP/hydrothermal
synthesis.



Fig. 2. SEM microphotographs of LSCO powder after immersion in: a) water, b) 0.10M KOH and c) 0.10MH2SO4.

Fig. 3. SEM microphotographs of LSCO/RuO2 powder: (a) general view and (b) magnified view.

Table 2
Elemental analysis of LSCO/RuO2 nano-
composite from EDS measurements.

Element at. %

O 80.22
Sr e

La 5.61
Co 12.40
Ru 1.77
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4.2. X-ray diffraction analysis

XRD patterns of LSCO and LSCO/RuO2 powders are represented
in Fig. 4. The crystal phases of both samples were in good agree-
ment with the perovskite structure, derived from standard
La0.6Sr0.4CoO3 compound. The specific XRD peaks correspond to
JCPDS card (JCPDS PDF No. 01-89-2528).

It can be seen in Fig. 4 that all of the XRD peaks related to LSCO
are very sharp in the 2q range of 10e80�, indicating highly crys-
talline nature of LSCO powder. Synthesized LSCO consists of
singleephase with the rhombohedral crystal structure. For perov-
skites, as well as other crystalline materials, the variation in the
crystal structure may lead to distinct electrocatalytic activities [27].
It was found that LSCO powder has a rhombohedral lattice typical
for standard perovskite structure which can be indexed as R-3c
space group symmetry (#161) [27]. Crystal structure may not have
significant effect on the electrochemical activity. New diffraction
peaks, such as Co3O4, La2O3, La3Ru3O11 and K2RuO4, can be distin-
guished in the pattern of LSCO/RuO2. Appearance of newXRD peaks
can indicate that the nanoparticles of a new compound, as seen by
SEM analysis as uniformly dispersed RuO2 on the LSCO surface



Fig. 4. XRD patterns of LSCO and LSCO/RuO2 powders.
Fig. 5. Cyclic voltammograms of LSCO, LSCO/RuO2 and RuO2 at a scan rate of 50mVs�1

in 0.10M KOH; room temperature.
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(Fig. 4b). Comparison of the intensity of basal most pronounced
peak for LSCO at 2q¼ 33� (assigned 100%) to the intensities of new
diffraction peaks for Ru-based phase revealed approximately
normalized value of 28%, which indicates slight incorporation of Ru
into crystal lattice.

The 2q peaks at around 21.5, 23.1 and 29.2� were attributed to
K2RuO4 phase from the JCPDS PDF No.01-051-1751, which was
considered to be the result of partial incorporation of Ru ions into
LSCO crystal lattice. It can also be confirmed by appearance of
additional diffraction peaks at around 2q¼ 30, 35.6 and 49.1� that
was attributed to another ruthenate phase - La3Ru3O11 (JCPDS PDF
No.01-070-1086). This indicates the formation of very small
amount of some new ruthenium compounds with lanthanum and
potassium. Some weak peaks are also found at around 29.2, 38.1,
44.9 and 53.5� due to the presence of lanthanum oxide, La2O3, ac-
cording to the JCPDS PDF No. 00-40-1279, which can be considered
as a partial LSCO decomposition induced by doping of ruthenium.
The appearance of very weak peak at 2q¼ 36.9� is an indication of
Co3O4 phase in LSCO/RuO2 sample. It is important to note that the
poorly crystalline state/amorphous and hydrous RuO2 particle may
actually be related to absence of typical XRD peaks of RuO2.
4.3. Electrochemical analysis and performances

Stable cyclic voltammograms (CV) of LSCO, LSCO/RuO2 and
pristine USP-synthesized RuO2 thin layer on GC substrate, recorded
at the scan rate of 50mVs�1 in 0.10M KOH are shown in Fig. 5.

The electrochemical capacitance is affected by two contribu-
tions, electrical double layer capacitance (ECDL) and pseudocapa-
citance (PC) [28]. It is known that unique capacitive features of
RuO2 in considerable portions come from PC due to reversible
Ru(III)/Ru(IV) and Ru(IV)/Ru(VI) redox transitions [29]. The CV of
pure RuO2 shows the doublet of broad, weakly-pronounced, anodic
and cathodic peaks around 50 and 300mV, typically assignable to
highly reversible Ru redox transitions. In addition, there is much
sharper redox pair prior to oxygen evolution, which appears
around 45. This pair is usually associated to adsorption/desorption
of OH� [29].

The shape of the CV curve of the LSCO-based materials is
different, with fewer features, in comparison to the registered for
RuO2. The least features and lowest CV currents are registered in CV
response of LSCO, indicating the lowest active surface area. Incor-
poration of RuO2 into LSCO results in considerable increase in CV
currents of LSCO, as registered for LSCO/RuO2 powder at the
potentials positive to 0.0 V. In the potential region of low currents,
negative to 0.0 V, the influence of RuO2 is not pronounced.
Although being quite weak, the broad redox pair, with a shoulder-
like anodic counterpart, can be distinguished for LSCO around
100mV. On the other hand, LSCO/RuO2 exhibits well-resolved
anodic peak at 300mV, with unclear cathodic counterpart.
Instead, a constant discharging current is registered in the potential
region for 400 down to 100mV, of quite similar value to that of
RuO2. The corresponding feature of LSCO is roughly of twice lower
discharging current. Finally, in the region of well-resolved OH
adsorption/desorption of RuO2, the moderate increase in anodic
currents is found for LSCO and LSCO/RuO2.

It can be assumed that RuO2 enhances the capacitive response of
LSCO in the potential region of the redox transition of the LSCO
oxides. Besides intensification of the CV currents, the redox tran-
sitions of LSCO/RuO2 is shifted to more anodic potentials with
respect to LSCO and takes position tightly close to weakly-
pronounced redox pair of RuO2 positioned around 300mV. It ap-
pears that not only RuO2 promotes the capacitive response of LSCO,
but also LSCO favors and enhances redox transition of Ru in higher
oxidation states. These changes could be associated to the selective
and localized replacement of Sr by Ru as reported in Table 2. The
displacement also changes the ratio of earth to transition metal
from nominally 1:1 (found 1.2:1) to a bit above 1:2.5. Simulta-
neously, La2O3 appears as a new phase (Fig. 4), which can improve
the pseudocapacitive capabilities of the material by intensification
of transition metals-related redox transitions. Tables 1 and 2 also
report the considerably larger excess of oxygen in LSCO/RuO2 with
respect to water- or alkaline-treated LSCO, and especially acid-
treated LSCO. This oxygen in excess can bond easier the H from
OH� in solution and improve the protonic conductivity of the ox-
ides in LSCO/RuO2.

The specific capacitance, Cs, of the samples was calculated by
integrating the area delimited by CV curve according to the Eq. (2).
The Cs calculated for LSCO/RuO2 and LSCO are found to be 75.8 and
37.8 Fg-1, respectively. The specific capacitance for USP-synthesized
RuO2 is 90.7 F g�1 (excluding the charge exchanged in OH adsorp-
tion/desorption region), which is in good agreement with the data
reported in the literature [30]. The capacitance of LSCO was
considerably increased by RuO2. The Sr substitution by Ru leads to
higher rates of redox reactions, resulting in an enhanced electro-
chemical performance [16], represented by well-pronounced
anodic peak around 300mV. Since the influence of RuO2 is



Fig. 6. Nyquist plots of LSCO, LSCO/RuO2 and RuO2 in 0.10M KOH at 200mV. Exper-
imental (symbols) and fitting results (lines) of impedance data with adopted equiva-
lent electrical circuit (inset).
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registered mainly in the potential region of redox transitions
(Fig. 5), we have calculated Cs values in the potential range from0 to
350mV, which excludes the region of poor capacitive response
(negative to 0.0V). Calculated specific capacitance values are 43.8,
93.1 and 95.8 Fg-1 for LSCO, LSCO/RuO2 and RuO2, respectively. This
reveals that the capacitance of LSCO/RuO2 can even reach the value
of pure RuO2, although its loading is nominally only 20 mass % (or,
as found: 13 mass % at the places where Ru replaces Sr). The
capacitance of LSCO/RuO2 is considerably higher with respect to
that in whole CV potential range, whereas only slightly higher
values are calculated for LSCO and RuO2. This can be an additional
indication of mutual catalytic effects and interactivity enhance-
ment between LSCO and RuO2, which concernsmainly the region of
oxide redox transitions. In summary, if LSCO and LSCO/RuO2 ca-
pacitances are compared, the value is more than doubled by RuO2
incorporation, irrespective to the potential range of capacitance
calculations.

According to the literature [31e33], registered capacitive
behavior could be more like battery-type or capacitive-type. Bat-
tery-type relates more to diffusion-controlled process, whereas
capacitor-type is due to surface-controlled process [32,33]. Since Kþ

intercalation into pure ruthenium dioxide is not reported so far, it
can be concluded that LSCO/RuO2 material possess redox Ru/Co
redox transition process characteristics in the presence of OH�, i.e.,
capacitive-type response with negligible diffusion capacitance
contribution, similar to the response of Ni(OH)2 [31].

High Cs values of pseudocapacitors is attributed to the appro-
priate porous metal oxide structure with high specific surface area,
which increase the rates of pseudocapacitive Faradaic reactions
[6,34]. For LSCO/RuO2 sample, the addition of ruthenium oxide
makes the surface of LSCO spheres rougher (Fig. 3), which increases
the specific surface area. In general, higher specific surface area and
mesoporous structure leads to easier and more efficient transport
of both electrons and protons, which affects redox reactions to take
place at high rates [6,34,35]. Therefore, nanoparticles of RuO2 at the
surface of LSCO spheres can affect storage efficiency of novel LSCO/
RuO2 material by increasing the surface area of the spheres, while
LSCO interactively enhances the redox transitions of Ru species. In
order to distinguish the mentioned different contributions to
increased capacitance of LSCO/RuO2, impedance measurements
(EIS) were performed at 200mV e the potential at which LSCO
capacitive features are developed, but also pure RuO2 and LSCO/
RuO2 express similar values of both charging and discharging cur-
rents (Fig. 5).

Fig. 6 shows Nyquist plots of the LSCO and LSCO/RuO2 samples
and USP-synthesized RuO2. The presented plots consist of two
parts: defined semicircle in the high-frequency region for LSCO and
LSCO/RuO2 (magnified in the inset of Fig. 6) and a capacitive
straight line in the low-frequency region. Based on the impedance
plot shape similar to those in Fig. 6, Jain and Tripathi suggested that
the supercapacitive material can show high resistance at higher
frequencies followed by pseudocapacitance and double-layer
capacitance response [36]. In order to check the origin of the
origin of high-frequency semicircle, the EIS response is checked at
other two potentials (�400 and 300mV), at cathodic and anodic
side with respect to 200mV (data not shown). The semicircle
diameter is found to increase considerably while the potential is
shifted anodically. This indicates that the semicircle relates rather
to the Faradaic process than to resistance of the material. According
to this assumption, fitting of the EIS data was accomplished by
using the equivalent electrical circuit shown as the inset of Fig. 6,
which EIS data are presented by lines.

Nyquist plots of LSCO and LSCO/RuO2 samples before and after
300 cycles of charge/discharge are presented in Supplementary
material in Fig. S2. Both Nyquist plots, before and after cycling, have
a semicircle and a straight line at high and low frequencies,
respectively. In high frequency region, a semicircle is observed for
LSCO and LSCO/RuO2 with the diameters representing the charge-
transfer resistance (Rct), assignable to the redox transitions [21] of
Co and/or Ru species in LSCO and LSCO/RuO2. After 300 cycles, the
semicircle is less pronounced for both LSCO and LSCO/RuO2. No-
semicircle and capacitive-like response is registered for pure
RuO2, since redox transitions of Ru are rather fast to show clearly
the time constant on the investigated frequency range. Hence, the
simple equivalent circuit, consisted of Rs and constant phase
element (CPEp) in series, was used to fit RuO2 data. The double layer
charging/discharging is represented also by a constant phase
element, CPEdl, in parallel to Rct. Pseudocapacitance is represented
by CPEp.

The double layer capacitance, Cdl, can be calculated from CPE
and interfacial parameters by following equation [37e39]:

Cdl ¼ Y0ðwmaxÞn�1 (4)

where umax is the angular frequency for themaximum of imaginary
impedance. On the other hand, pseudocapacitance, Cp, can be
calculated form CPEp parameters using the equation for the case of
series of CPE and R [40]:

Cp ¼
�
Y0

�
R�1
s þ R�1

ct

�n�1
�1=n

(5)

Goodness of fit by the proposed EEC is judged through three
basic criteria to evaluate the general accuracy of the fit: visual fit to
Nyquist plots, chi-squared below 10�4 and low relative standard
errors for the parameter values of every circuit element (below
10%). The fitting results of charge-transfer resistance and specific
capacitance are presented in Table 3.

The impedance spectrum of pure RuO2 electrode is composed of
vertical line in both low and high frequency regions almost parallel
to the imaginary axis and indicates capacitive behavior (Fig. 7).
According to literature, typical rutile structure of RuO2 in hydrous
state has pseudocapacitive response due to conversion of Ru(III)/
Ru(IV) that is highly reversible reaction [29]. Recent study of Cha-
lupczok et al. explained behavior of RuO2 in alkaline solution and
propose a surface species Ru(OH)3$RuO2 that is able to directly bind



Table 3
Fitting values of charge-transfer resistance and specific capacitance of LSCO, LSCO/
RuO2 and RuO2 for supercapacitor applications.

Sample Cdl/Fg�1 Cp/Fg�1 Rct/Ucm2

LSCO 0.28 23.81 1343
LSCO/RuO2 0.53 80.35 737
RuO2 e 94.45 e

Table 4
A comparison among specific capacitances of LSCO, LSCO/RuO2 and RuO2 obtained
by using G-C/CD measurements.

Sample G-C/DC

50 mA 500 mA

LSCO 44.82 32.53
LSCO/RuO2 92.72 100.60
RuO2 111.70 /
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hydroxyl ions [29]. Therefore, the EIS results of RuO2 showed very
high value of specific capacitance Cs, of 94.45 Fg�1, which agrees
with the value calculated from CV.

LSCO and LSCO/RuO2 show mainly pseudocapacitive behavior,
since electrical double layer capacitance, Cdl, is roughly 0.1% of Cp
[9,41]. The roughening of the LSCO sphere surfaces by RuO2 is seen
as doubled value of Cdl of LSCO/RuO2 with respect to LSCO. Simi-
larly, Rct of LSCO is almost twice of that for LSCO/RuO2 due to slower
redox reactions of transition metals. However, the pseudocapaci-
tance is almost 3.5 times higher for LSCO/RuO2, while CV responses
showed only 2-fold increase, which is also found for Cdl from EIS
data. This difference between EIS and CV data is in accordance with
the conclusion that capacitive performance is improved by RuO2

incorporation dominantly due to enhanced redox transitions
(above 0.0 V). In the region of low capacitive currents (below 0.0 V),
the double layer capacitive properties dominate the CV response.

In order to better understand applicability and especially the
stability of LSCO and LSCO/RuO2 as potential supercapacitor elec-
trode material, galvanostatic charge-discharge (G-C/DC) curves
weremeasured in 0.10M KOH electrolyte at different C/DC currents
of 50 and 500 mA. The results are shown in Fig. 7 along with G-C/DC
curves of pristine RuO2 at 50 mA. The shape of the G-C/DC curves
show some deviation from linearity due to typical pseudocapacitive
properties as discussed above [22,42]. Since the most pronounced
pseudocapacitive behavior is reserved for pure RuO2, its ability to
store/release more charge in a narrow potential range, which dis-
turbs full linearity, is seen in 0.1e0.35 V range. Note that inflections
related to the changes in the slope correlate to the positions of the
CV peaks assigned to redox transitions of Ru. Although the corre-
sponding peaks for LSCO and LSCO/RuO2 are also distinguished, the
G-C/DC is more linear for these samples than for RuO2 (Fig. 7a). It
could be that transition from poor to capacitive response due to
redox transitions slower than for RuO2 at 0.0 V causes the more
uniform changes in potential during G-C/DC actuation [43]. It is
found that LSCO/RuO2 exhibited good stability both at 50 and
Fig. 7. Galvanostatic charge-discharge (G-C/DC) curves at different current densities: a) 50 mA
temperature.
500 mAC/D current (Fig. 7b) during 300 cycles.
The average specific capacitance (Cs, Fg�1) from the G-C/DC

curves was calculated according to Eq. (2). Table 4 shows a com-
parison between the specific capacitance of LSCO, LSCO/RuO2 and
RuO2 registered at different currents by G-C/DC experiments.

The calculated specific capacitance for LSCO at 50 and 500 mA
are 44.8 and 32.5 Fg-1, respectively, with typical lower values in
conditions of faster C/D [44e46]. On the other hand, specific ca-
pacitances for LSCO/RuO2 are of different trend: 92.7 (50 mA) and
100.6 (500 mA) Fg�1. This could be caused by the arrangement of the
components within the composite as indicated by Fig. 3 e RuO2
covers the LSCO spheres, thus facing directly the electrolyte and
being readily available for the fast C/D. During the slow C/D, the
response of less conductive LSCO from the core is taking place too,
thus decreasing the average capacitance of the LSCO/RuO2
composite.

Fig. 7b shows that LSCO/RuO2, although being of superior
capacitive performances with respect to LSCO that almost reach the
RuO2 performances, loses to some small extent the initial charging/
discharging capabilities. In order to define the stability of the
investigated materials, the long-term cyclability was tested. Fig. 8
summarizes the registered capacitive performances along with
the cyclability projections.

Besides confirmed increase in capacitance, Fig. 8 additionally
indicates that RuO2 improves the cycling stability of LSCO (the 50%
decrease in capacitance of LSCO is improved to only 10% decrease
for LSCO/RuO2 during 300 cycles). Under the same cycling condi-
tions, no loss of the stability was found for pristine RuO2 (the data
are randomly distributed within shaded zone in Fig. 8). In addition,
LSCO/RuO2 appears less sensitive to cycling limits. While the limits
are similar in CV and G-C/DC to gain the average capacitance, EIS
gives the differential capacitance at open circuit potential close to
redox transitions of oxides. The lower capacitance values from EIS
indicate the requirement of the full development of redox
of LSCO, LSCO/RuO2 and RuO2 and b) 50 and 500 mA of LSCO/RuO2 in 0.10M KOH; room



Fig. 8. G-C/DC cycling stability of LSCO/RuO2, LSCO and pristine RuO2 at the current of
50 mA; specific capacitance gained by different techniques are given by symbols with
corresponding standard deviations.
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transitions in a wider potential range. The differential capacitance
by EIS of LSCO/RuO2 is close to the average values gained by CV and
G-C/DC, while the value from EIS for LSCO is even below the
limiting average G-C/DC value from cyclability. It can be due to
much faster oxide redox transitions for LSCO/RuO2 as indicated by
Rct from EIS. Consequently, pseudocapacitance performances can
develop in moderate polarization since fast redox transitions in-
duces LSCO/RuO2 charging state close to non-polarizable electrode.

Considering all previous investigation from the microstructure
(SEM, EDS and XRD) to electrochemical performances (CV, EIS and
G-C/DC) the LSCO/RuO2 shows superior characteristics with respect
to pure LSCO. The results are related to mutual promotion of the
pseudocapacitive redox transitions of oxides, both RuO2 and from
LSCO. Consequently, registered capacitance of LSCO/RuO2 is close to
that of pristine RuO2 with a loading of only 20 mass% of RuO2 in
LSCO. Beside the increase in specific capacitance, reversible charge-
discharge performances are more stable LSCO/RuO2 than for LSCO
and in the required potential window this electrode has super-
capacitor characteristics.

5. Conclusion

Lanthanum strontium cobalt oxide, La0.6Sr0.4CoO3 (LSCO), have
been successfully synthesized via single step USP technique and
hydrothermally doped with RuO2. We investigated the RuO2 effect
on the structure and morphology of LSCO/RuO2, as well as super-
capacitive performances of LSCO and LSCO/RuO2 composites. The
LSCO powder had a homogenous morphology consisted of almost
ideal spheres. LSCOwas chemically stable in alkaline solutionwhile
upon exposure to acidic environment evident changes in
morphology and crystalline structure due to La dissolution were
observed. Upon impregnation by RuO2, spherical structure of initial
LSCO powder was maintained, with RuO2 nanoparticles supported
on LSCO surface with the size around 2e3 nm. It appears that Ru
replaces Sr in LSCO, since no Sr detected in LSCO/RuO2.

One can assume that RuO2 enhanced the capacitive response of
LSCO and vice versa LSCO favors and enhance redox transition of Ru
in higher oxidation states. This means that Sr replacement by Ru
leads to higher rates of redox reactions improving pseudocapacitive
performances of LSCO/RuO2 composite. The displacement changes
the ratio of earth to transition metal resulting in the appearance of
new phases in diffractogram, such as La2O3, that can also improve
the electrochemical performances. Therefore, RuO2 nanoparticles
can also affect on specific capacitance of LSCO/RuO2 material by
increasing the specific surface area of spheres. According to
impedance measurements, the semicircle observed in the high
frequency region represents charge-transfer resistance that is
related to the redox transitions of LSCO and LSCO/RuO2 composites.
Notable difference between EIS and CV pseudocapacitance values
can be explained that capacitive performances are dominantly
improved by RuO2 incorporation in the potential range above 0.0 V.
The charging/discharging curves for LSCO and LSCO/RuO2 com-
posites are more linear than pristine RuO2. Although LSCO/RuO2
material exhibits superior capacitive response with respect to LSCO
and almost close to pure RuO2, LSCO/RuO2 loses to some small
extent the initial charging/discharging performances. From long-
term cyclability LSCO/RuO2 appears to be less sensitive than
LSCO. Therefore, LSCO/RuO2 composite has enhanced pseudoca-
pacitive properties with good rate capability and better perfor-
mance with respect to LSCO, which is related to a mutual
promotion of pseudocapacitive redox transitions between RuO2
and LSCO.
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