Journal of Electroanalytical Chemistry 897 (2021) 115556

Journal of Electroanalytical Chemistry

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jelechem _— =8

The roles of constituting oxides in rare-earth cobaltite-based perovskites on =

Check for

their pseudocapacitive behavior | o |

Miroslav M. Pavlovié *>*, Marijana R. Pantovi¢ Pavlovi¢ , Sanja G. Erakovi¢ Pantovié¢?,
Jasmina S. Stevanovi¢ P, Sre¢ko R. Stopi¢ ¢, Bernd Friedrich ¢, Vladimir V. Panié *>¢

2 Institute of Chemistry, Technology and Metallurgy, National Institute of the Republic of Serbia, Department of Electrochemistry, University of Belgrade, Belgrade, Serbia
Y Center of Excellence in Environmental Chemistry and Engineering - ICTM, University of Belgrade, Belgrade, Serbia

€ Process Metallurgy and Metal Recycling, RWTH Aachen University, Aachen, Germany

d State University of Novi Pazar, Department of Chemical-Technological Sciences, Novi Pazar, Serbia

ARTICLE INFO

Keywords:

Capacitive interactivity

Strontium oxide in mixed capacitive materials
Capacitor electrodes

Oxide composites

ABSTRACT

The role and influence of strontium and its oxide on structure and capacitive response of materials containing
mixed lanthanum cobalt oxides, LC, and lanthanum strontium cobalt oxides, LSC, as a capacitive materials
were investigated in this study. The mixed oxides were synthesized by the single-step ultrasonic spray pyrolysis
(USP) technique. The microstructures and electrochemical properties of the samples were characterized by X-
ray diffraction, scanning electron microscopy, cyclic voltammetry, potentiostatic electrochemical impedance
spectroscopy and galvanostatic charge/discharge cycling. It was found that strontium oxide induces the forma-
tion of the perovskite structure of promoted pseudocapacitive behavior over an enhancement of redox transi-
tions of cobalt. The measurements showed that the capacitive stability and rate capability were lower for the
samples of higher specific capacitance. Among the prepared materials, the LSC prepared at a USP temperature
600 °C showed the best capacitive characteristics in 0.10 M KOH due to having the most defined spherical per-

ovskite structure leading to well-defined reversible charge-discharge performances.

1. Introduction

In order to reach highly reversible and stable materials for energy
storage processes, investigation of novel materials, as suitable supports
for noble ones, has been predominant in the past few years [1-9].

Perovskite oxides are promising candidates for electrochemical
power sources due to their unique physical and electronic properties,
of which its structural stability is one of the most important. Perovs-
kites can accommodate mobile oxygen ions under electrical polariza-
tion. It was shown that oxygen ion mobility and vacancies play an
important role in charge storage and in catalysis in general [10].
The composition and structural stability of Perovskite not only allow
storage of large quantities of energy, but also ensure high rates of
delivery [11].

Alkaline-stable perovskite materials with the general formula ABO3
(where A is a lanthanide and B is a transition metal) were proven to
have metallic conductivity and some redox capacitive behavior [10-
17], which makes them promising candidates as supports in superca-
pacitive materials support of reversible and stable response. Oxygen-

vacancy-mediated redox pseudocapacitance for a nanostructured lan-
thanum-based perovskite, LaMnO3; was demonstrated for the first time
for fast energy storage [10]. Rare-earths in ruthenates are also known
for improvement of the specific capacitance, especially La replacement
in SrRuO3; [12]. ABO3 materials with high electrochemical stability
and fast charge/discharge rates can be synthesized in different mate-
rial combinations [6,7,15,18-20]. It was found recently that simple
impregnation of LaSrCoOs; with RuO, leads to considerable mutual
enhancement of the capacitive behavior of these two structural compo-
nents [6]. Similarly, the synergy of Co/Mo has good redox ability and
it facilitates high oxygen mobility, fast kinetics of charge storage and
excellent cycle life [21].

As a synthesis procedure, a unique ultrasonic spray pyrolysis.
(USP), was applied that appeared to be a highly promising technique
for the synthesis of perovskite materials [6,22]. It was found that cer-
tain USP-synthesized perovskites as solid electrolytes have the ability
to improve the performance of solid oxide fuel cells (SOFC) [22].

Perovskite materials can have long cyclability compared to carbon-
supported composites in alkaline to neutral media [3,23]. Lanthanum
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cobaltites (LC) and strontium-impregnated lanthanum cobaltites (La;.
xS1xC003 5, LSC) are supposed to have wider voltage window than car-
bonaceous materials [4,6].

Although the perovskites have been proven to be of pronounced
capacitance with respect to the constituting oxides, the roles and influ-
ences of the separate components in the capacitive responses of
enhancing perovskite structures are not clear. Zhang et al. [23] per-
formed ex situ doping of LC with Sr oxide and found some improve-
ments in the electrode capacitive response and also nickel foam
supported asymmetric capacitor. However, the unique redox influence
of strontium oxide doping into the structure of LC was not reported.

The aim of the reported investigation was to bring detailed insights
concerning separated influences of constituting oxides to this issue, in
order to reveal the redox electrochemistry behind perovskite struc-
tures as supports for supercapacitive applications. The synthesis
approach involved in situ impregnation of the LC structure with Sr
oxide.

LC, as the “Sr-free” counterpart of strontium-doped lanthanum
cobaltite (LSC) nanopowders were also synthesized by the ultrasonic
spray pyrolysis process and their structural and capacitive properties
were analyzed and compared.

2. Experimental

2.1. Synthesis of LaCoO3 and Lay ¢Sro 4Co03 powders by ultrasonic spray
pyrolysis

The synthesis of Co-based perovskites was realized by single-step
USP procedures. The solutions for the syntheses of LC and LSC were
prepared by mixing solutions of the starting precursors in stoichiomet-
ric mole ratios, i.e. La:Co = 1:1 for LC and La:Sr:Co = 3:2:5 for LSC.
An La:Sr ratio of 3:2 was chosen in order to prepare stoichiometric
Lag ¢Sro.4Co03 perovskite, according to a previously published work
[6]. Aqueous 0.10 M solutions of La(NO3)3-6H,0 (99.9% rare earth
oxide), Sr(NOs), (99 %) and Co(NOs), (98%), all from Alfa Aeser,
were used as precursors for the synthesis of LC and LSC. The USP con-
version temperature was adjusted and controlled using a thermostated
furnace. All powders were synthesized by ultrasonic spray pyrolysis in
equipment with horizontal nebula flow.

Fogging of the prepared precursors solutions occurred in an ultra-
sonic atomizer (Gapusol 9001, RBI/France) with an ultrasonic nebu-
lizer (Prizma Kragujevac, Serbia) to create an aerosol [6,24]. The
aerosol with droplets having diameter of around 2.3 um was produced
with an ultrasound frequency of 2.5 MHz [6,25]. The atomization was
performed in an O,/N, atmosphere as carrier gas, having O, to N vol-
ume ratio of 2:1 and continuous flow rate of 3 dm® min ™. The synthe-
sis temperature was adjusted to 600 °C or 800 °C for both LC and LSC,
in order to investigate the influence of these USP synthesis conditions.
The produced LC and LSC particles were collected in water bottle
collectors.

3. Characterization techniques
3.1. Surface morphology and structural analysis

The morphology and elemental composition of LC and LSC pow-
ders were analyzed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS). Scanning electron microscopes
(Zeiss DSM 982 Gemini; Vega TS 5130 MM Tescan) were used to
examine the appearance of the obtained particles. The elemental com-
position 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 the reflected
X-ray spectrum.
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Structural and phase analysis of the composite samples were exam-
ined by X-ray diffraction (XRD) measurements on a Philips PW 1050
(Royal Philips, Amsterdam, the Netherlands) powder diffractometer
at room temperature with Ni-filtered CuKa radiation
(A = 1.54178 10\) and scintillation detector within the 26 range of
10-82° in steps of 0.05°, at a scanning rate of 5 s per step. Phase anal-
ysis was performed using EVA v. 9.0 software.

3.2. Electrochemical measurements

Electrochemical properties of LC and LSC were studied by cyclic
voltammetry (CV), potentiostatic electrochemical impedance spec-
troscopy (PEIS) and galvanostatic charge-discharge (GCD) tests. The
electrochemical measurements were performed in a conventional
three-electrode cell. A platinum wire and Ag|AgCl were used as coun-
ter and reference electrode, respectively. All potentials in the discus-
sion are referred to Ag|AgCl. The working electrode was glassy
carbon (GC, Sigradur - Sigri, Elektrographite, GmbH, Germany) with
a surface area of 0.196 cm? covered by a thin layer of LC or LSC
according to the following procedure: 20 pL of LC or LSC water suspen-
sion (5 mg mL™~!) was added onto the GC using a micropipette. The
mass loading of both LC and LSC electrode materials was
0.51 mg cm ™2 After 2 h of drying in air, the same volume of nafion
solution (1:100 vs. water), achieved by dissolving 10 uL of nafion per-
fluorinated resin solution in 990 uL of water, was added on top of the
layer and left to additionally dry at room temperature. This very thin
nafion film was used for binding the investigated powders to the GC
substrate. The cell was purged with N5 for 30 min prior to CV electro-
chemical measurements. A potentiostat/galvanostat measuring station
(BioLogic SAS, SP-240, Grenoble, France) provided with physical elec-
trochemistry software was used. The CV responses in 0.10 M KOH
were recorded at a scan rate of 50 mV s~ '. The specific capacitance,
the most important indicator for the evaluation of electrode properties
for supercapacitors [7,22,23], was calculated from the CV data accord-
ing to Eq. (1):

C, = m /EaCI(E)dE (1)

where Cg, (F ¢~ 1) is the specific capacitance, m (g) is the mass of the
active material, 5: I(E)dE (A V) is the integral area under the CV curve,
which gives the charge stored during cathodic and anodic scans, v (V
s~ 1) is the scan rate, and E, and E, (V) are the anodic and cathodic inte-
gration limits of the potential or the capacitive potential window.

PEIS studies were performed in the frequency range of 10~ 2-10°
Hz using a 10 mV root mean square sinusoidal potential amplitude
around the potentials 0.1 and 0.3 V for all the samples. These poten-
tials are recognized as characteristic values according to the CV
responses. The impedance spectra were analyzed and fitted by
ZView® software [28-30].

GCD tests were performed for cycle-life assessments of all the sam-
ples. These tests were also performed on potentiostat/galvanostat sta-
tion (BioLogic SAS, SP-240, Grenoble, France). Galvanostatic charging
and discharging curves were measured at a 50 pA current density until
the 600 mV voltage window is spent (adopted from the CV measure-
ments). The specific capacitances were calculated by graphical differ-
entiation according to the following equation [18,31]:

Idt

P — o 2

Co=— 2)

where Cg, (F g_l) is the specific capacitance, I (A) represent the

charge/discharge current, dt (s) is the time required to spend the

infinitesimal potential window, dE (V), and m (g) represents the mass
of the active material.
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4. Results and discussion
4.1. SEM and EDS analysis

The porosity of a material governs the maximal availability of the
active sites [6,25,26]. The morphologies of the LC and LSC powders
produced at 600 and 800 °C are presented in Fig. 1, which shows
the typical appearance of the produced materials under SEM examina-
tion. The EDS elemental compositions of produced powders is pre-
sented in Table 1.

The lanthanum cobalt oxides powder synthesized at 600 °C (LC
600, Fig. 1a) is highly agglomerated and aggregated. The tight agglom-
erates consist of almost spherical particles in the size range of 50 nm —
200 nm. The temperature of the synthesis plays an important role. The
influence of temperature could be seen by comparing powders from
Fig. 1a and Fig. 1b. The later shows the appearance of lanthanum
cobalt oxides powder synthesized at 800 °C (LC 800). The particles
appear considerably less agglomerated, and the formed spherulites
are in the size range of 1 pm. The initial particle sizes are also in the
range of 50 nm — 200 nm, but the aggregation is not as pronounced
as for the LC 600. The above mentioned features are more clearly seen
in Fig. 2, which shows LC 600 and LC 800 at higher magnification.
While the aggregated matrix LC 600 is formed of uniformly-sized ele-
mental particles, the more porous structure of LC 800 appears to
gather these particles into nonuniformly-shaped agglomerates tending
to form huge spheroidal shapes. It follows that the lower USP temper-
ature is not sufficient to convert the fine droplet structure of the aero-
sol into the spherical structure of the synthesized powder.

The LSC powder synthesized at 600 °C (LSC 600) is shown in
Fig. 1c. Comparing to Fig. 1a and Fig. 1b, the influence of Sr is evident.
The powder is more spherical, more rounded and more compact, with
clearly defined pores between the uneven spheres, which is in correla-
tion with the results of previous research [6]. The sphere size of the
powder is in the range of 1 um—2 pm, with the majority of particles
having a diameter of 1 um. The LagSrg.4CoO3; powder synthesized
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at 800 °C (LSC 800) is shown in Fig. 1d. The influence of synthesis tem-
perature on the powder morphology is evident once again, along with
the fine sphere-generating influence of strontium oxide. The powder
particles are well defined fluffy spheres with the powder sphere size
in the range of 0.5 um — 1.5 pm. It could be noticed from Fig. 1 that
both the synthesis temperature and presence of strontium ions influ-
ence the morphology of the powder in the sense that spherical parti-
cles become well defined, more rounded and larger. The unique
finding is that strontium forms fluffy structure at the surface of the
spherical particles at higher temperatures. This could indicate that
some structural composition occurs upon insertion of strontium oxide
at higher temperatures.

EDS composition mapping was performed on the powder particles
at different spots and different samples and the average value of these
elemental compositions are listed in Table 1.

As it could be seen in Table 1, the detected content ratios of Co to
La for LC powders are considerably higher with respect to stoichiomet-
ric 1:1. As the material becomes less compact and more porous at
higher temperature (Figs. 1 and 2), the ratio indicates slightly higher
presence of La. This enrichment in Co also holds for the LSC sample.
However, the contents of La and Sr are lower at higher temperature,
which also generates the fluffy surface structure of the spheres. It
appears that the Co oxide tends to grow into surface needles, which
mask the EDS response of the La and Sr oxides. The stoichiometric
ratio of La to Sr of 3:2 appears well preserved in the LSC samples. It
could be hypothesized that besides perovskite LC and LSC powders,
some separate phases of Co-based oxides are formed. This hypothesis
was further investigated by XRD measurements.

4.2. X-ray diffraction analysis

The XRD patterns of LC 600, LC 800, LSC 600 and LSC 800 powders
are presented in Fig. 3. Sharp peaks appear in the 26 range of 10-80°
for all the samples. These XRD peaks could be assigned to LC and LSC
compounds with the sharpness indicating the highly crystalline sin-

Fig. 1. Typical SEM microphotographs of LC powders synthesized at: a) 600 °C and b) 800 °C, and LSC powders synthesized at ¢) 600 °C and d) 800 °C.
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Table 1
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EDS comparative analysis of LC 600, LC 800, LSC 600 and LSC 800

as-prepared powders (at.%).

Element/ at. % LC 600
o 61.8
Sr -

La 1.9
Co 36.3

LC 800

LSC 600 LSC 800
69.0 64.1 64.2
4.2 2.8
2.3 6.5 4.5
28.7 25.2 28.5

Fig. 2. SEM microphotographs of lanthanum cobalt oxides powders synthesized at: a) 600 °C and b) 800 °C recorded at magnification of 50 k.

gle-phase nature of the samples with a rhombohedral crystal structure.
The synthesized LC and LSC powders as perovskites, with variation in
the crystal structure that can lead to distinct electrocatalytic activities
[6,27]. The diffraction peaks of Coz0, (JCPDS PDF No0.01-078-1969),
La,0O3; (JCPDS PDF No.01-074-2430), CoO (JCPDS PDF No0.01-089-
2803) and SrO (JCPDS PDF No0.00-048-1477) could be distinguished
in the XRD patterns of LC and LSC. It can be derived from these
XRD findings that there is formation of nanoparticles of above men-
tioned compounds.

Besides the good correlation to the development of perovskite
structure (mixed oxide) for all the samples it could be seen that there
is some significant quantity of a separate Co304 crystal phase in the LC
600, LC 800 and LSC 600 samples, and to very small extent of CoO
phase in the LSC 800 sample. This confirms that the generation of sep-
arate Co oxide phase, beside that incorporated into perovskite struc-
ture, could aggregate separately within the powder particles, as
indicated by the EDS measurements.

Apart from separate phases of Co oxides, the XRD patterns also
indicated the appearance of separate La;Os; (for LC) and SrO (for
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LSC) phases. The peaks of La,O3 are more pronounced in the high tem-
perature sample, which agrees with higher La/Co ratio found by EDS.

4.3. Electrochemical analysis and performances

Stable CVs of LC 600, LC 800, LSC 600 and LSC800 thin powder
layers on GC substrate in 0.10 M KOH (nitrogen atmosphere) were
recorded at the scan rate of 50 mVs ™, and the results are shown in
Fig. 4.

The cycling started from the open circuit potentials (OCP) for the
prepared electrodes: —0.165 V for LC 600, —0.062 V for LC 800,
0.35 V for LSC 600 and 0.265 V for LSC 800. Although the OCPs were
more positive when Sr was present, phenomenologically there is no
great difference in the material response whether strontium was pre-
sent or not. On the other hand, Sr influences development of the ano-
dic branch in the materials synthesized at the lower temperature.
Comparing the voltammograms of the obtained material to the ones
for the Co304 in the same potential range of —0.1 V to 0.6 V in
KOH electrolyte it could be concluded that some redox peaks appear
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Fig. 3. XRD patterns of a) LC and b) LSC powders.
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Fig. 4. Cyclic voltammograms of LC 600, LC 800, LSC 600 and LSC 800 at a
scan rate of 50 mVs ™! in 0.10 M KOH in N, atmosphere at room temperature.

in the potential range of 0.4-0.6 V and are usually assigned to redox
transitions of Co30,4 to CoOOOH and CoOOH to CoO, [32]. The other
weak broader peaks that appear outside this range could belong to
the redox reactions of the rare earth metal. These curves are not close
to the symmetric shape presented by an electrochemical double layer
capacitor which has a closed rectangular shape and stores energy
through non-Faradaic processes [32]. The voltammograms show forms
that are typical of materials that are strongly governed by Faradaic
processes with defined anodic and cathodic peaks that represent pseu-
docapacitive behavior. An effective symmetry might be associated
with good reversibility of oxidation and reduction processes [33]. Poor
linear behavior is affirmation of the pseudo-capacitive behavior of the
electrode [34]. It was also shown that displacement of the oxidation
peaks towards positive potentials and reduction peaks towards nega-
tive ones may be related to conductivity and to the polarization-
induced capacitive ability of the electrode [35].

On comparing the LC and LSC CV curves, some differences could be
noted. One of the major differences is the fact that the lowest CV cur-
rents are registered in the CV response of LC 600 and then in LC 800,
which is an indication of the smallest active surface area of these elec-
trode materials. Another difference reflects the fact that incorporation
of Sr into the LC lattice leads to a considerable increase in the currents
of recorded cyclic voltammetry at potentials greater than 0.0 V, which
is not clearly evident at lower potentials. This promotes Sr, besides
spherical shape and perovskite structure inducer, as the redox transi-
tion enhancing component in LSC. Both samples prepared at higher
temperature (LC 800 and LSC 800) show a broad redox pair at around
250 mV. Although being quite weak, this shoulder-like anodic peak
with cathodic counterpart could be distinguished for both samples pre-
pared at 800 °C. On the other hand, a constant discharging current was
registered in the potential region 400 down to 200 mV for LC 600 and
down to 0.0 V for LSC 600 instead of the anodic peak that is present in
the samples prepared at the higher temperature.

The C;j, of the samples was calculated by integrating the area delim-
ited by the CV curve according to the Eq. (1). The following results for
the specific capacitance were obtained: the lowest Cg, was 8.50F g7 !
for LC 600, followed by 16.36F g~ for LC 800, then 19.16F g~ ! for
LSC 800, and finally 34.94F g~ ! for LSC 600. There are several conclu-
sions that could be derived from the calculated and obtained results
from the CV curves. Specific capacitance is lower for the samples not
containing strontium, and this capacitance is up to 2—4 fold lower than
for the Sr-containing samples. The temperature of the synthesis of an
electrode material plays an important role. While for the samples not
containing Sr, the higher temperature produces particles with higher

Journal of Electroanalytical Chemistry 897 (2021) 115556

specific surface area (Fig. 1), and hence having higher values of the
specific capacitance, the inverse is applicable for the LSC samples. This
could be associated to the Co oxide enrichment (opposite to LC,
Table 1), which was found to cause the formation of the needles of
the fluffy structure of the sphere surfaces. However, LSC 600 has
higher specific capacitance compared to LSC 800, which does not pre-
sent the benefits of needles formation. For better capacitive response
of LSC, it seems that the not fully separated spheres of smooth surface
(LSC 600, Fig. 1c) are beneficial. In addition, there is pronounced
effect of multiple oxide structures present in the sample [6], especially
separate Co304 phase (Fig. 3). Besides presence of separate cobalt
oxide, the presence of strontium in perovskite structure leads to high
electrode/electrolyte contact areas and high rates of electrode reaction
[6], since an enhancement due to separate Coz0,4 was not registered in
the LC samples.

These findings are in good agreement with previously published
results [6] for ruthenized LSC. They all confirm the statements that
strontium influences the development of the anodic branch, and that
the processing temperature plays an important role in electrode mate-
rial production. It appears that not only Sr promotes the capacitive
response of LC, but also LSC favors and enhances redox transition of
material in higher oxidation states.

Potentiostatic electrochemical impedance spectroscopy (PEIS) tests
were performed at potential of 100 (poor conductive region, Fig. 4)
and 300 mV (fully developed redox transitions) to evaluate the details
of capacitive response and electrochemical behavior for all of the sam-
ples, including hydrothermally prepared Cos0, for the sake of compar-
ison. PEIS of LC 600, LC 800, LSC 600 and LSC 800 thin powder layers
on GC substrate were recorded in 0.10 M KOH at a perturbing poten-
tial of 10 mV in the frequency range between 10 mHz and 1 MHz and
the results are shown in Fig. 5. Based on the PEIS data, Fig. 6 shows
equivalent electrical circuit (EEC) models used to fit the data from
Fig. 5 (EEC data are given by lines in Fig. 5).

The complex plane plots for LC and LSC all show two distinct
regions. The first region consists of semicircle-like response at the high
frequencies which corresponds to redox transitions and it reflects the
charge transfer resistance-like (R3, Fig. 6) behavior of the electrode.
The second region, represented by straight line in the low-frequency
range, corresponds to -ionic exchange in the electrolyte/material inter-
phase — external (CPE1) and internal (CPE2-CPE4)[36,37]. The high-
frequency intersection of the curve with the real axis represents the
resistance of the aqueous KOH solution (R1). The internal capacitive
response (CPE2-CPE4) required series ionic (to CPE2 and CPE4) or
material bulk (to CPE3) resistance represented by R2 in Fig. 6.

The results obtained for the examined materials from fitting results
using EECs are given in Tables 2 and 3.

The constant phase element, CPE, is used in EEC instead of a capac-
itor, C, in order to better embrace the non-ideal behavior of the C ele-
ment, namely to address the surface heterogeneities, surface
roughness, as well as defects on the surface. In general, Eq. 3 is used
as the definition of the impedance of the CPE:

Zeps = [Y(jo"] ™!

where Y is the frequency-independent admittance of the CPE, » being
the angular frequency (@ = 2xf) in rad s, f is the frequency, n is
the value of the exponent of CPE between — 1 for an ideal inductor
and 1 for an ideal capacitor.

The CPE1 element has the capacitive response that resembles the
capacitive response of pure Co304. The C1 values of capacitance at
300 mV after fitting the results (Tables 2 and 3) are close to the value
of pure Co304 (3.5 pF) which was fitted by simple RC EEC in series
(Fig. 6¢). This finding is in accordance with the XRD results of the pre-
pared powders, which show the presence of separate CozO,4 phase
besides the perovskite structure. The rest of the EEC circuit show inter-
action of Co304 with other oxide structures in the electrode material.
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analysis at a) 100 and b) 300 mV.
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recorded at 100 mV, b) LSC 600 recorded at 300 mV and c¢) Cos04 recorded at 300 mV.
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Table 2
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Electrochemical impedance spectroscopy data for LC 600, LC 800, LSC 600 and LSC 800 samples gained at 100 mV.

Sample R1(Q) R2(Q) R3(Q) C1(uF) C2(uF) C3(uF) Crot(x10%F g™ 1)
LC 600 114 3323 2.5 x 10° 9.0 4.1 136 12

LC 800 85 3300 3181 3.7 15 84 15.3

LSC 600 30 92 3701 4.0 5.0 223 8.6

LSC 800 30 1957 1351 6.4 39.4 89 30.2

Comparing the results from Tables 2 and 3 it could be noticed that the
resistance that precedes the capacitive response of the material is lar-
ger by up to one order of magnitude for the measurements performed
at 100 mV. The modest capacitive response of the material could be
seen when compared to the response at 300 mV. The values of the cal-
culated total capacitance, C,o, are considerably lower than the values
obtained by CV. This indicates that material needs a much wider per-
turbing measuring potential range than 10 mV (PEIS) in order to
develop a full capacitive response (700 mV in CV). This is best seen
in the PEIS results and EEC of the LSC 600 sample recorded at
300 mV (Table 3) where there is the considerably highest capacitance
value of C3 being 12,963 uF. However, it is in series with the rest of
the EEC, which gives the total capacitance of 589 x 10F g~ !. This
series capacitance is also characteristic for all other samples, and has
the highest value in EEC. This apparently indicates that full develop-
ment of the capacitive response requires some preceding reactions to
occur. Since CV gives higher values, these preceding reactions could
take place out of the potential range spent in PEIS perturbation. Hence,
in order for full capacitive response to be evidenced, there is need for
consecutive electrochemical transformations to occur.

As it was indicated by CV measurements, PEIS measurements
proved that strontium promotes the structure and pseudocapacitive
behavior of the synthesized perovskite material. The former statement
is in good agreement with the findings that porous metal oxide struc-
ture with high specific surface area is responsible for the high Cg;, val-
ues since it enables and promotes the Faradaic reactions. Sr promotes
the capacitive response of LC and it favors and enhances redox transi-
tions of the material in higher oxidation states.

The charging-discharging stability and rate capability towards
potential applicability of the LC and LSC powders as supercapacitor
electrode materials was further tested and examined by galvanostatic
charge-discharge (GCD) tests. The GCD measurements were per-
formed in 0.10 M KOH at currents of 50 and 200 pA. The results of
GCD measurements of LC 600, LC 800, LSC 600 and LSC 800 powders
are shown in Fig. 7.

As was discussed and explained in relation to Fig. 4, typical pseudo-
capacitive behavior is reflected in some deviation of the curves from
full linearity [24,38]. GCD curves lack mirror symmetry in the investi-
gated potential range due to redox reactions that occur on the elec-
trode surface [39]. The deviation appears not dependent on the GCD
rate, which indicates that related redox transitions are uniformly dis-
tributed throughout the material. At a glance, Fig. 7A-C shows the
higher stability at higher curents, due to indicated distribution of the
components and phases as discussed in relation to Table 1 and
Fig. 3. Specific capacitances for the first and 500th cycle, gained as
the mean by graphical differentiation of G-C/DCGCD curves (since a
rather nonlinear response was registered (Fig. 7) [40]), according to
Eq. (2). All of the calculated values for the specific capacitance obtain

Table 3

from GCD curves follow the order found by CV (Fig. 4) and PEIS mea-
surements (Table 3).

The LC 600, LC 800 and LSC 600 GCD curves are almost identical in
shape, representing a bell-like shape variation of the potential with
time, which is a typical supercapacitor behavior, while the charge
curve for LSC 800 has a half-cycle shape if compared to a more linear
discharge curve as the corresponding counterpart, Fig. 7A-C. These
findings are in accordance with previous research [6]. The difference
between the investigated samples is that the LC 600, LC 800 and LSC
800 samples have an almost similar discharge time, while LSC 600 dis-
charge time is almost twice of that for high-temperature samples.
Although LSC 800 is of highest stability in charge/discharge cycles,
it is of poor capacitive ability at the level of the LC samples.

Although the CD stability of the synthesized samples are more
(high rates) or less (low rates) similar, the rate capabilities are quite
different, Fig. 7D and E. It could be noted that the shape of the CD
curves does not change much with the CD rate. However, the decrease
in CD abilities upon increasing in CD rate was registered for all sam-
ples. The full-cycle charge exchanged at low (LR) and high (HR) CD
rates, as well as that separated to half-cycles at low (LC) and high
(HC) charging rates are presented in Table 4. The relative decrease
of the charge exchanged with respect to low CD rates are given as cor-
responding & values.

The LC 600 sample, being of lowest capacitance, also shows the
lowest sensitivity to the CD rate. The decrease in charge exchanged
is around 24 %, with the charging rate suffering more (27 %) than
the discharging values (21%). This indicates that the interior of den-
sely packed material (Fig. 2A) are hardly accessible at high CD rates.
Once charged, however, the outer layers are relatively available more
for discharge in comparison to the other samples.

Considerable larger decreases of CD rate capability are found for
the other samples, with the highest one being for LSC 600 sample dur-
ing charging. The mutual characteristic of LC 800, LSC 600 and LSC
800 is the initiation of (LC 800) towards the full generation of spher-
ical structures (LSC samples), Fig. 1. Apparently, the CD dynamics
“penetrate” harder into the dense internal structure of the sphere
(Fig. 3). The highest decrease during the charging cycle is found for
the sample of stuck spheres with a smooth surface (Fig. 1C). Conse-
quently, LSC 600 sample suffers the most from charging rate capability
decrease (59 %), but also shows the largest difference between the 8¢
and &y values. This consideration is in accordance with that explained
in relation to rate capability of the LC 600 sample.

Considering all previous investigations of the microstructure (SEM,
EDS and XRD) to the electrochemical performances (CV, EIS and GCD)
LSC 600 shows superior characteristics with respect to LC and its low
temperature twin. All of these findings show the promoting influence
of strontium on the supercapacitive properties, as well as the influence
of the processing temperature that plays an important role in the pro-

Electrochemical impedance spectroscopy data for LC 600, LC 800, LSC 600 and LSC 800 samples gained at 300 mV.

Sample R1(Q) R2(Q) R3(Q) C1(uF) C2(pF) C3(uF) C4(uF) Crot(x10%F g™ 1)
LC 600 101 710 2142 1.9 29 51 - 20

LC 800 102 231 64 3.3 133 292 - 93

LSC 600 28 240 438 2.5 3.3 12,963 611 589

LSC 800 33 412 422 3.4 347 587 - 219




M.M. Paylovi¢ et al.

Journal of Electroanalytical Chemistry 897 (2021) 115556

Ly A —LC 600 014 B — L5C 600 ——LC 600
= C 800 ——LSC 800 LSC 600
05 06
GRLEE LR o]
= = =
< < <
«E 0.4 g 0.4 - g
w ui B
2 £ g
> 034 > 034 >
w w w \
0.2+ 0.2 \ll
0.1 0.1 ) ll'
L
. I
o0 oo T T T T T 1 1
° 2 4 & 8 0 12 o 2 4 8 10 12 14 120
tla fis
LSC 600
——LSC 800
‘”'D ——LC 600 074
—\LC 800
06
g 5 054
< <
% g 0.4
@ v
E 2
> > 034
o w \
02 \\
0.1 'lII
0.0 T T T 1 oo —T L g .\l T

T T T
oo as 1.0 15 an 2.5 an 35
qimC

S [ T
0o 05 10 15 2.0 25 30 35 40 45 50 55 60
qgimC

Fig. 7. Initial (full lines) and 500th (dashed lines) galvanostatic charge-discharge (GCD) curves of A) LC and B) LSC samples at the current of 200 pA in; C) the
same curves for LC 600 and LSC 600 at the current of 50 pA. Rate capability tests at low (50 pA, full lines) and high (200 pA, dashed lines) of D) LC and E) LSC

samples; 0.1 M KOH at room temperature.

Table 4

Charges exchanged and relative decreases of exchanged charges with respect to low CD rate at low and high CD rates for full and half cycles.
Sample qur / mC qur / mC Sur / % Qic / mC Quc / mC duc / % qup / mC Qup / mC Sup / %
LC 600 3.05 2.32 23.93 1.6 1.17 26.88 1.45 1.15 20.69
LC 800 2.95 1.66 43.73 1.64 0.84 48.78 1.31 0.82 37.40
LSC 600 5.66 2.65 53.18 3.37 1.38 59.05 2.29 1.27 44.54
LSC 800 2.44 1.24 49.18 1.28 0.62 51.56 1.16 0.62 46.55

duction of electrode material. It could be concluded that LSC 600 is
promising supercapacitor electroactive material with fine reversible
charge-discharge performances.

5. Conclusions

The influence of strontium oxide doping into LC shows that the syn-
thesis temperature plays an important role in the characteristics of the
final material, with particles becoming more spherical and less aggre-
gated with increasing temperature. The addition of strontium oxide
further defines the formation of more spherical powders (LSC). EDS
and XRD analyses of the powders suggest that that besides LC and
LSC perovskite powders, some other Co-based oxides are formed.

The voltammograms show that the materials are strongly governed
by Faradaic processes. Incorporation of Sr into the LC lattice leads to a
considerable increase in the currents at positive potentials. The speci-
fic capacitances of the LSC samples are higher (2-4-fold) compared to
the LC samples, with LSC 600 having the highest Cg, value.

Calculated PEIS capacitance values are lower than CV obtained val-
ues because the material needs a much wider CD potential range in
order to develop full capacitive performance. PEIS shows that stron-
tium promotes the structure and pseudocapacitive behavior of the syn-
thesized material, favoring and enhancing the redox transition of
materials in higher oxidation states.

Specific capacitance results of GCD measurements are in accor-
dance and comparable with the values obtained from CV and PEIS
measurements. The LC samples showed the lowest sensitivity to the
CD rate, with the charging values suffering more than the discharging
values, indicating that interior of densely packed materials are hardly
accessible at high CD rates. Once charged, the outer layers are rela-
tively more available for discharge in comparison to other samples.
LSC 600 sample suffers the most from charging rate capability
decrease, but also shows the largest difference between charging and
discharging rates.

However, it is important to know that PEIS measurements indi-
cated that full potential window cycling within electrolyte stability
is required to gain full interactive capacitive performances of the
obtained oxides as supports for supercapacitor materials.
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