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Lao.sSr02CuOs3.5 was prepared through solid state sintering route and its electrochemical performance was
evaluated. The XRD pattern was consistent with an orthorhombic phase after calcination at 950 °C for 6 h, with no
additional crystalline diffraction peaks detected. The SEM reveals agglomerated, rectangular-like particles with an
average particle size of ~0.4 um. The optical band gap (E;) of the sample was calculated through the diffuse
reflectance spectrum. The apparent optical gap calculated from Tauc plot is 1.7 eV representing semiconducting
nature. The sample showed a high absorption in the visible light region. The highest specific capacitance at a scan
rate of 5 mV/s was 95.98 F/g. Kinetic analysis indicates dominant capacitive-controlled charge storage (=~ 71% at
10 mV s, rising to = 88% at 100 mV s!). Linear sweep voltammetry further indicates oxygen evolution activity
with an onset potential of 1.636 V and a Tafel slope of 221 mV dec’!, with overpotentials of ~444 mV, 460 mV

and ~470 mV at 40, 50 and 60 mA c¢cm™, respectively.
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Introduction

Partially doped binary and quasi-ternary perovskites
i.e., Laj-Sr,CuOs-s (LSCu) , La;-Sr:MnOs-s (LSM),
La;-Sr,NiO3-s (LSN), La;-Sr.CoO3-s (LSCo), and
La;-.Sr,FeO;-s have been widely studied because of
mixed ionic/electronic or electronic conductivities, which
are strongly affected by chemical composition [1-3].
These characteristics make such perovskites attractive for
applications including solid oxide fuel cells (SOFCs) [4],
giant magnetoresistors [5], catalysts [6], and gas
separation membranes [7]. Among these perovskites,
La;-.Sr,CuOs.5 has received significant attention for both
SOFC electrode applications and high temperature
superconductivity (HTS) [8, 9]. The parent stoichiometric
compound LaCuOs; was first prepared in 1972 by
Demazeau et al. [10] and initially considered as a potential
candidate for HTS; however, it was found to be metallic
up to 77 K over most of its stoichiometry range [10-12].
Bringley et al. [11] prepared an oxygen-deficient series of
LaCuOs3-5 (0 <6 <0.5), showing that 8 can be tuned by
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changing pressure and temperature, leading to structural
transitions from rhombohedral to tetragonal, monoclinic,
and orthorhombic phases [13]. The tetragonal and
monoclinic phases are both metallic with resistivity of 100
and 300 pQ-cm at room temperature (RT) with 6 = 0.14
and 6 = 0.33 respectively while the orthorhombic phase is
an insulator at RT [11, 12, 14]. The properties of LaCuO3-5
strongly depends on its oxygen non—stoichiometry. An
increase in oxygen vacancies enhances reducibility by
weakening the covalent bond between copper and oxygen
[15] directly affecting its catalytic activity [12].
Additionally, suitable dopants can be introduced to further
optimize oxygen reduction activity, as Sr doping varied
TEC between 11.1 and 9.6 x107¢ K™! at 30 °C and 800°C
respectively, making La;.,SrCus 4+5 a promising candidate
for air electrode applications in solid oxide fuel cells
(SOFCs) at high temperatures [16, 17]. Substituting
cations at site A and B by ions of various radii and
valences can create structural defects like oxygen
vacancies which can play a pivotal role in improving the
faradic charge process [15, 18, 19] and electrochemical
performance of the materials [20-25]. Particularly,
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substitution of divalent Sr?* at the A-site of trivalent La**
can introduce charge imbalance in the perovskite lattice,
which may be compensated by oxygen-vacancy formation
and/or partial oxidation of copper cations (Cu?>* — Cu**)
[26]. In the present work, the oxygen non-stoichiometry
(8) and the Cu**/Cu** ratio was not experimentally
quantified. Therefore, the possible coexistence of mixed
Cu oxidation states and oxygen-related defects is
considered here as a literature-supported mechanistic
interpretation rather than as an experimentally established
feature of the present sample. Such defect chemistry has
been proposed in the literature as a possible contributor to
reversible faradaic redox processes associated with
pseudocapacitive behavior. Despite extensive study of
La—Sr—Cu perovskites for catalytic, electronic, and
superconducting  applications, their potential as
pseudocapacitive electrode materials remains largely
unexplored. Therefore, in addition to examining the
structural and optical properties of LaggSro,CuOs.5, this
study also presents an in-depth investigation of its
electrochemical performance, including reaction kinetics
and catalytic behavior, for potential supercapacitor
applications.

I. Materials and methods

Lag gSro,CuOs3.5 was prepared through solid state
sintering route, using La;O3, SrCO; and CuO (all from
Sigma Aldrich, purity > 99%). Initially the raw materials
were dried to remove moisture and then weighed
according to the molar ratios of the composition. The
batch composition was mixed/milled using a mortar and
pestle for 3 h in acetone. After mixing, powders were
calcined at 950 °C for 6 h. After calcination, the powders
were re-milled to dissociate the agglomerates (if any).

For the electrochemical measurement, a nickel foam
working electrode was prepared. The nickel foam was cut
down to the desired size of 1x1 cm?. After cutting, it was
washed in two steps, first with deionized water and then
with acetone in ultrasonic bath sonicator for 10 minutes
each. This helps in removing the impurity and makes the
surface uniform and suitable for the deposition of the
active material (LaogSro2CuOs.5). After washing, it was
kept in oven at 100 °C till drying. To deposit the active
material on the nickel foam, a slurry was prepared using
80% of active material, 10% PVDF and 10% activated
carbon while NMP was used as a solvent. Activated
carbon was used to enhance the conductivity while PVDF
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was used as a binder. After the preparation of slurry,
0.02 g of the total slurry was deposited on the nickel foam
corresponding to an active material mass of 0.016 g. In the
next step, the electrode was kept in oven at 100 °C for 24 h
to make it completely dry and ready for use as a working
electrode. In the present work, all the electrochemical
parameters including specific capacitance are normalized
to the mass of the active material.

The X-ray diffraction pattern of the sample was
collected at room temperature using JDX-3532 (JEOL,
Japan) with Cu-Ka radiation (A = 0.154 nm). To examine
the microstructure of the sample, JSM5910 (JEOL, Japan)
was used. For diffuse reflectance spectroscopy of the
samples, a LAMBDA 365+ (Perkin Elmer, USA) was
used. The electrochemical properties of the material were
measured from the data of cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) by testing the material in
a three-electrode system using Hg/Hg,Cl, as a reference
electrode and platinum wire as a counter electrode. The
sample was deposited on a nickel foam (working
electrode) and submerged in the aqueous solution of 3
Molar KOH.

II. Results and Discussion

Fig. 1a shows the X-ray diffraction pattern obtained at
room temperature, which is consistent with the
orthorhombic reference pattern of PDF No. 41-181. No
additional crystalline diffraction peaks attributable to the
starting La,O3 or CuO phases were detected within the
resolution of the present XRD measurement. The lattice
parameters and unit-cell volume were obtained by least-
squares fitting of the observed diffraction peak positions.
The sample exhibited lattice constants of
a=16.2708 £ 0.0094 A, b= 13.5087 + 0.0080 A,

c = 11.7985 + 0.0089 A and a unit cell volume of
2593.2663 + 2.90 A3, consistent with the card data. It
should be noted that the PDF No. 41-181 reference card
used for phase identification does not provide a space-
group designation. Since the present analysis was based
on reference-pattern matching and least-squares fitting of
the diffraction peak positions, rather than an independent
crystallographic structure refinement, a specific space
group cannot be assigned reliably from the available data.
Therefore, the present work identifies the crystal
symmetry as orthorhombic based on the reference
diffraction pattern without assigning a specific space
group. The relatively large lattice parameters compared
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Fig. 1. (a) XRD pattern, (b) SEM micrograph and (c) EDS analysis of LaggSro>CuQOs.s,
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with the basic pseudocubic perovskite subcell indicate an
expanded crystallographic cell relative to the basic
perovskite unit. However, the present XRD analysis does
not establish a specific superstructure model or its
crystallographic origin. The SEM micrograph (Fig. 1b) of
the sample shows agglomerated rectangular-like particles.
The average particle size was calculated to be 0.4 um. The
corresponding EDS (Fig. 1c) spectrum for the sample
confirms the presence of lanthanum, strontium, copper
and oxygen elements.

The absorption spectrum of the sample (Fig. 2a)
shows the high absorption in the range of 400 nm to
700 nm which lies in the visible light region. The optical
band gap (E,) for the sample is calculated through the
diffuse reflectance spectrum by solving the Kubelka—
Munk Eq. 1.

[Frhv]™ = a(hv — E,) (1)

Where F(R) is Kubelka—Munk function, Av is energy of
photon, a is constant of proportionality. The value of 7 is
constant. n = 1/2 and n = 2 corresponds to direct and
indirect allowed transition of electrons. Many parameters
can affect the optical band gap of material such as the
processing method, crystalline nature [27], average
particle size [28], and unit cell parameters (lattice strain)
[29]. The diffuse reflectance spectrum near the absorption
edge does not exhibit a clear linear regime uniquely
associated with either direct or indirect transitions. As a
result, the Tauc representations for direct and indirect
allowed transitions give apparent gap estimates of 1.74 eV
and 1.70 eV, respectively (Fig. 2b and 2c). Therefore, the
present data is insufficient to determine the absolute type
of electronic transition, and it is more suitable to define
the electronic behavior as an apparent optical gap of
approximately 1.7 eV, confirming its semiconducting
nature.

Historically, stoichiometric LaCuOj is metallic in
nature, whereas the present Lag.gSry.,CuO3—0 sample
exhibits semiconducting behavior with an apparent optical
gap of ~1.7 eV. This difference may be associated with

stoichiometry resulting from Sr?* substitution. The Sr?*
substitution at the La*" site can alter the local charge
balance and may be accompanied by changes in the Cu
oxidation state and oxygen-related defects; such changes
can modify the Cu—O electronic interactions and therefore
influence the observed optical response. In addition, the
orthorhombic structural distortion and associated changes
in CuOg octahedral geometry may modify Cu—O—Cu bond
angles and bond lengths, which can affect the electronic
structure and contribute to the observed apparent optical
gap. However, because the oxygen non-stoichiometry and
Cu?*/Cu?* ratio were not experimentally quantified in the
present study, these effects are considered possible
contributors rather than experimentally established causes
[12, 30-32].

To evaluate the electrochemical performance of the
sample, cyclic voltammetry (CV) and linear sweep
voltammetry in the three-electrode setup were performed.
The cyclic voltammogram of the sample at different scan
rates in a potential window of 0—0.6 V is shown in Fig. 3a
which shows a single anodic peak current on a forward
scan and a single cathodic peak current on a backward
scan, revealing a reversible pseudocapacitive behavior.
The values of peak anodic currents (/pa), cathodic currents
(Ipe), peak anodic potential (Epa), cathodic potential (Epa),
specific capacitance (Cp) and energy density (Eq) are listed
in Table 1. The anodic and cathodic peak currents increase
gradually with increasing scan rates showing linear
behavior. The specific capacitance (C,) and energy density
(Eq) were calculated using Eq. 2 and Eq. 3, respectively.
Where “[1dV” is area under the CV curve, “m”

m” is mass in
grams and “V,-V” is the potential window.
[ 1av
P mk(Va-vy) 2
1
Ey=1C,(V, - 1})? 3)

The specific capacitance of the sample decreases with
the increase in scan rate which may be attributed to limited
ion diffusion and utilization of faradic redox sites at higher

structural distortion and possible chemical non- current rates. The highest capacitance calculated is

‘G T =

E = £
D d o Q
0o = =
O L 2
G o o
5 1% 2]
o = o
7] o =
_Q S LL
< ] =

300 600 900 1200
Wavelength (nm)

1.6

Energy (eV)

2015 16 1.7 1.8 1.9 2.0
Energy (eV)

18

Fig. 2. (a) Absorption spectra LaggSro.CuOs.; and Tauc plot for (b) direct, and (c) indirect allowed transitions.
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95.98 F/g at scan rate of 5 mV/s. For deep analysis of the
energy storage mechanism of LSC, Randles—Sevéik
relation (I, is proportional to v'2) is used to find the
relationship between peak current and scan rate. Since a
good linear fit is obtained from between both anodic and
cathodic peak current versus square root of scan rate, it has
been concluded that a fast and reversible redox reaction
occurs on the interface between electrode and electrolyte
(Fig. 3b). In addition, the linear relationship between log
of anodic peak current density and scan rate is also
considered according to general power-law relation (Eq. 4
and 5) [33, 34].

Where I

I =av?

logl =loga + blogv

“
®)

represent the peak current density,

v represent the scan rate in mV/s, while a and b are
constant. Generally, the value of b varies from 0.5 to 1.
b = 0.5 represents the diffusion-controlled behavior, while
b =1 indicates that the process is capacitive-controlled
[35, 36]. In this work, the value of b for anode is 0.939
which confirms the dominant capacitive and slightly
contribution (Fig.
contribution of diffusion and capacitive controls process,

diffusive

3c).

For

quantitative

Dunn method is used [37], given by Eq. 6.

I(V) = C]_V + szl/z (6)
e = cwi/2 4 G, (7)
v2

Where I(V) represents the current at a specific voltage
and Cyv and Cyv'? corresponds to the capacitive and
diffusion control contribution, respectively. The values of
Ci and C;, are obtained from the plot (Fig. 3d). The
percentage contribution of capacitive and diffusive control
is also calculated as shown in Fig. 3e and Fig. 3f. At low
scan rate of 10 mV/s, the capacitive contribution is 71%
while the diffusion is 29% (Fig. 3e). With the increase in
scan rate, the capacitive contribution increases gradually
and reaches a maximum value of 88% at a scan rate of
100 mV/s (Fig. 3f). The gradual increase in the capacitive
contribution may possibly be due to the limitations of ion
diffusion at higher scan rates.

To evaluate the suitability of Lag.gSry.,CuO3z—3 for
potential energy-conversion applications and to examine
its electrochemical response under anodic polarization, the
oxygen evolution reaction (OER) was investigated. The
LSV measurements were carried out without active
iR—compensation and in a potential window of 1.6 V and
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Fig. 3. (a) CV (b) peak anodic and cathodic current at different scan rates (c) linear relationship between log of peak
current density of anode and log of scan rate (d) relationship between anode peak current density and square root of
scan rate (e) diffusion (red) and capacitive-controlled contribution to charge storage at 10 mV/s (f) diffusion and
capacitive contribution at different scan rates.

Table 1. Values of Iy, Ipc, Epa, Epc Cp, and E for Lag 3Sro2CuOs. 5 at different scan rates.

Scan Rate (mV/s) 5 10 20 40 60 80 100
Ipa(mA) 0.37 0.76 1.41 3.212 4.41 5.21 5.63
Epa(V) 0.31 0.33 0.33 0.35 0.36 0.38 0.39
Ipe(mA) 0.35 0.40 1.14 2.26 2.80 3.18 3.37
Epe(V) 0.28 0.28 0.27 0.27 0.26 0.26 0.26
Cp(F/g) 95.98 48.21 27.29 16.22 12.49 10.55 9.35
E (Wh/kg) 4.80 241 1.36 0.81 0.62 0.53 0.47
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scan rate of 50 mV/s. The data was processed using Eq. 8-
10. The potential conversion equation (Eq. 8) is used to
convert the potential measured versus reference electrode
to the Reversible Hydrogen Electrode (Erug). The Oxygen
Evolution Reaction (OER) overpotential (1) was
calculated by using Eq. 9 and then the Tafel slope (d) was
calculated using Eq. 10 (Fig. 4b).

Erue = Eng/ug,ciy/satxon + 0.0598pH + 0.244  (8)

1N = Egyp — 1.23 9)

n=c+dlogj (10)

Here, j° is the current density, and c¢ is the Tafel
constant.

The onset potential was calculated to be 1636 mV at
the tangential point of LSV curve by the Tangent
Extrapolation method (Fig. 4a). The apparent Tafel slope
calculated from the OER was found to be 221 mV/dec. For
the present Lag.gSrg.,Cu03-;5 electrode, the
semiconducting optical response and the structurally
distorted perovskite framework may contribute to
interfacial charge-transfer resistance during anodic
polarization. In addition, gas-bubble accumulation at the
electrode surface and uncompensated series resistance can
become increasingly significant at the relatively high
current densities used for the OER measurements. These
factors may contribute to the relatively large apparent
Tafel slope observed for the present electrode. However,
their individual contributions were not independently
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quantified in this study. The overpotential at current
densities of 40 mA cm™?, 50 mA cm? and 60 mA cm? is
444 mV, 460 mV and 470 mV respectively as shown in
Fig. 4c. While theoretical kinetics predicts much lower
values of Tafel slope, higher Tafel slopes are frequently
reported specifically for transition metal oxide
electrocatalysts. The reason for higher values are physical
barriers and real-world bottlenecks like resistive
semiconductor space-charge layers [38], tiny trapped gas
bubbles on the active sites [39] and resistive oxide films
that builds on the surface [40]. In several comparable
systems, similar high slopes are reported in literature. For
Boron-doped Diamond, reported Tafel slope ranges from
220 mV/dec up to 680 mV/dec [38, 41-44]. In a recent
study, La;NiO4 and La,ZnO4 shows a slope 0f 220 mV/dec
and 233 mV/dec, respectively [45]. SnO,-Sb also have
high reported values 212-290 [46-48]. Solid-State
Reaction synthesis of CoSb,Og also shows Tafel slope
exceeding 200 mV/dec [49]. Beside of all the physical
bottlenecks, it is worth noting that no iR—compensation
was applied during the measurement of these polarization
curves. At high current densities, the uncompensated
Ohmic drop contributes to the measured potential and may
increase the apparent Tafel slope. Accordingly, the
reported value of 221 mV/dec should be regarded as an
apparent, uncorrected Tafel slope.

Conclusion

Lag gSro,CuOs3-5 was prepared through a solid-state
route, and the XRD pattern was consistent with an
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Scin Xan', Ikpa Ha3!, Acma Kaman', [xasin Yiumax', [3a3 Xan?, Paz Myxamman!

CTpyKTYypHIi, ONITHYHI TA eJIEKTPOXIMIYHI JOCTIIKEHHS
Lao.sSro2CuQs.5 1J151 3acTOCYBaHHS Y CYNIEPKOHAEHCATOPAX

! Tabopamopis ¢yuxyionansnux mamepianie i npucmpois, kagpeopa gisuxu, Ynicepcumem A60yra Bani Xana,
Mapoan, Xaibep-Ilaxmynxea, [lakucman,
2Incmumym izuxu meepdozo mina, Bioencokuti mexuiunuil ynicepcumem, Bidens, Ascmpis, izaz.khan@tuwien.ac.at

Lao.sSr0.2Cu0s3-6 oxepkaHo MeTomOoM TBepA0(a3HOro CIIKAHHS Ta JOCHIPKEHO HOTrO eNeKTPOXiMidHi
XapaKTepUCTHKU. X-IIPOMEHeBa AudpaKkTorpama micis MpokaproBaHHs 3a Temnepatypu 950°C mpotsarom 6 rox
BiNOBigana opTopoMOiuHiil (asi, mpu oMY JOAATKOBUX AU(PAKIIMHUX MiKiB KPUCTATIYHUX (a3 HE BHIBICHO.
3a maHMMH CKaHYBaIBHOI eNIeKTpoHHOI Mikpockomii (SEM) crocrepiraloTeCst arioMepoBaHi YacTHHKH
npssMOKyTHOT hopmu i3 cepeanim pozmipom 6mm3bko 0,4 mxm. [llupuny ontuusoi 3a6oponenoi 30uu (Eg) 3paska
BU3HAYaJd Ha OCHOBI CIEKTpa OUQY3HOTO BiAOWTTS. 3HAYEHHS BHIMMOi ONTHYHOI 3a00pOHEHOI 30HW,
po3spaxoBaHe 3a rpadikom Tayna, craHoBuTE 1,7 €B, 10 CBiTYNTH PO HAIIBIPOBITHUKOBHIL XapakTep MaTepiaity.
3pa3ok eMOHCTPY€E BHCOKE MOTJMHAHHS Y BUAUMIiH obnacTi cnektpa. HaiiBuiie 3Ha4eHHs MUTOMOI €EMHOCTI 32
IIBAAKOCTI pO3ropTKH noTeHniany 5 MB/c cranosuiio 95,98 @/r. KineTnuynuii aHaii3 cBiTYUTH PO MEepeBaKaHHS
€MHICHO-KOHTPOJIbOBAHOTO MEXaHi3My Hakomu4eHHs 3apsay (= 71 % 3a 10 MB-c™ 3i 3pocranHsm 10 ~ 88 % 3a
100 mB-c™). JliHiliHa BOJBTaMIIEPOMETPIis TAKOK BKA3y€ HA aKTUBHICTD peakiii BUALICHHS KHCHIO 3 TOTEHI1aIOM
novatky peakuii 1,636 B ta naxmiom Tadens 221 MB- nex . [lepenanpyra cranoButs nputmsuo 444 MmB, 460 MB
ta 470 MB 3a ryctunu crpymy 40, 50 Ta 60 MA-cM 2, BiIOBiAHO.

Karodosi cioBa: LaCuOs; enekTpoxiMiuHi BIaCTUBOCTI; CYIIEpKOHICHCATOPH.
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