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Abstract—La; _ ,Sr,CoO; (x=0.1, 0.2, 0.3, 0.4, and 0.5) were prepared by the alginic acid sol—gel route and
characterized by thermo gravimetric analysis (TGA), Fourier transform infrared (FT-1R), X-ray diffraction
(XRD), and scanning electron microscope (SEM) techniques. The electrocatalytic activity of fabricated
oxide electrodes (Ni/oxide) was studied for oxygen evolution reaction (OER) in an alkaline medium. The cyclic
voltammetry of oxide electrodes shows a pair of redox couple at anodic peak potential (£,,) =400 = 6 mV and
cathodic peak potential (£,,) = 296 = 8 mV. The observed values of electrode kinetic parameters such as the
Tafel slope (b) liec between 91 and 126 mV dec™! and current density (j) liec between 17.0—73.1 mA cm™2 at
0.85 V. The Sr-substitution in lanthanum cobaltate matrix improve electrocatalytic activity for OER in an
alkaline medium and maximum improvement was observed in the case of 0.4 mol Sr-substituted oxide. The
order of reaction (p) with respect to the concentration of [OH™] is found unity and the highly negative value
of entropy of the reaction indicated the oxygen evolution follows the same mechanism and involves the
adsorption of the reaction intermediate.
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INTRODUCTION

La, _ ,Sr,CoO; (0 < x £ 0.5) are considered good
candidates for electrocatalytic points of view among
perovskite families [1]. If the oxide is prepared using
low-temperature techniques, it can be used as a low-
cost electrode for water electrolysis in an alkaline envi-
ronment. The oxides prepared by the conventional
high-temperature ceramic method for oxygen evolu-
tion have limited electrochemical surface area and
decreased homogeneity. To improve the electrocata-
lytic properties, perovskite oxides were prepared by
spray drying [2], co-precipitation [3], freeze-drying
[4], microwave-assisted [5], sonochemical reactions
[6], sol—gel combustion [7], citrate precursor tech-
niques [8], the hydrothermal method [9] and micro-
emulsion precursors [10]. The oxide film was depos-
ited onto the conductive support by the spray pyrolysis
[11] and thermal decomposition [12] and studied their
electrocatalytic properties for oxygen evolution reac-
tion. Novel acceptable low-temperature methods uti-
lizing nitrite cyanide and hydroxide solid solutions
[13] and organic amorphous methods such as citrate
and malic acid as precursors were reported in the liter-
ature previously.

These oxides were studied using electrochemical
methods, and it was discovered that they were signifi-

cantly more active for oxygen evolution than other
oxides made using more traditional high-temperature
processes. Perovskite-type oxides of the La,; _ ,Sr,CoO;
variety are useful as electrode materials for a variety of
technologically significant processes, including the
production of O,, Cl,, chlorates, O, reduction, H,
evolution, etc. [14], Metal-substituted perovskites-
type oxides are used as catalysts in a variety of reac-
tions, including the Haber process for the breakdown
of H,0, [15], the preparation of NH; [16], energy stor-
age devices [17], gas sensors [ 18], electrochemical sen-
sors [19], multilayer-chip inductors [20], energy con-
version devices [21], clean energy applications [22],
etc. These oxide nanoparticles are helpful in a variety
of catalytic activities, such as the oxygen evolution
reaction, the measurement of hydrogen peroxide,
anode electrocatalyst, lithium-ion battery compo-
nents, and energy storage (supercapacitor) [23—27].
Among these families of perovskite-type oxides,
La,_ ,Sr,Co0O; are more common and less expensive
owing to its component elements, Co, La, and Sr.
These oxides have a variety of valences, larger surface
area, and are non-toxic to human health. They are
best for electrocatalysis because they produce charge
ordering, superconductivity, spin-dependent trans-
port, and ferroelectricity [28—30]. This oxide is made
using a less expensive, environmentally friendly pro-
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cess. In, present investigation an effort have been
made to synthesize low cost and ecofriendly perovskite
type oxide by using alginic acid sol-gel auto combus-
tion method, La, _ ,Sr,CoO; nanoparticles (x = 0.1,
0.2, 0.3, 0.4, and 0.5 mol) for their electrocatalytic
behaviour for oxygen evolution reaction in the KOH
solution.

EXPERIMENTAL

Strontium  substituted lanthanum cobaltate
(La, _ ,S1,Co00;) was prepared by alginic acid (Labo-
gens) sol—gel route using strontium nitrate Sr(NO;),
(AR, Sigma Aldrich, 99%) lanthanum nitrate
La(NO;); (AR, Sigma Aldrich, 99.999%) and cobalt
nitrate Co(NO;), (AR, Sigma Aldrich, 98%). The
nitrate salts (0.02 M) were taken in their stoichiomet-
ric ratios and dissolved in 200 mL double distilled
water with stirring and also prepared the alginic acid
solution 4 w/o separately in 200 mL double distilled
water and added the liquor ammonia to maintain pH 7
for complete dissolution of alginic acid. The resultants
solutions were stirred separately at room temperature
till homogeneity for an hour. The resulting homoge-
nous brown solution of alginic acid was added into the
metal salt solution in drop wise manner with constant
stirring until the milky brown solution, and then evap-
orated at 100°C to get a black lustrous gel. The desired
perovskite-type oxides were obtained by the thermal
decomposition of metal—alginic acid composite gel at
600°C for 5 h in an electrical muffle furnace.

To determine the thermal stability of the gel form,
the gel of metal salt with alginic acid precursor was
subjected to thermal gravimetric analysis (model:
Mettler Toledo TGA/DSC 3+) in the temperature
range between 25 and 600°C with the constant flow of
nitrogen. FT-IR spectroscopy and XRD spectroscopy
were used to confirm the formation of a stable per-
ovskite oxide phase. The FT-IR spectrum of per-
ovskite oxide was recorded between wavenumber 400
and 4000 cm~! using the IRSPIRIT-T Shimadzu spec-
trophotometer and the for XRD powder pattern, D8
Advance BRUKER, CuK,-the source of radiation,
A= 1.54059 A and examined from 26 = 20° to 80°.
Morphology and crystallite size were observed by
scanning electron microscopy with the help of a Zeiss
Gemini SEM 500 thermal field emission. For the
electrochemical study, the oxide electrode was fabri-
cated by the repeated coatings of oxide slurry prepared
by mixing 2 drops of glycerol and 100 mg of oxide onto
the one side pre-treated nickel plate in concentrated
HCI, rinsed in acetone and washed with double dis-
tilled water and subsequently sintered in an electrical
furnace at 300°C for 1 h to get desired oxide loading
(~5—6 mg cm?). For electrical contact, a flattened
end of copper wire was connected with the non-coated
side of the nickel plate using silver paste and mounted
with epoxy resin (Araldite) leaving an exposed oxide
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Fig. 1. TGA of the gel obtained at 100°C for

Lao_6Sr0_4CoO3.

area of approximately 0.5 cm~2. Electrocatalytic prop-
erties of the fabricated electrode were performed in a
single compartment pyrex glass cell provided with
Ni/oxide electrode as a working electrode, graphite
rod as a counter electrode and Hg/HgO/1 M KOH
(0.098V vs. NHE) as a reference electrode using the
CHI electrochemical work station.

RESULTS AND DISCUSSION
Thermogravimetric Analysis

TGA of metal—alginic acid gel (La—Sr—Co—algi-
nate complex) was recorded in an inert atmosphere in
the temperature range of 25 to 600°C and shown in
Fig. 1. From the thermogram it is obvious that the
weight loss in sample below 200°C due to removal of
water from sample and it became stable with very less
reduction in weight due decomposition of organic
moiety of sample occurred above 270°C that indicated
the formation of stable perovskite-type oxide occurs
upon heating of the sample.

FT-1IR Studies

In order to ensure the formation of the perovskite-
type oxide sample was analyzed by the FT-IR tech-
nique in wavenumber region between 400—4000 cm™!.
The IR spectra of 0.1, 0.4 and 0.5 mol Sr-substituted
lanthanum cobaltates are shown in Fig. 2. Sr-substi-
tuted lanthanum cobaltate oxides characteristic peaks
in all the cases show the absorption bands at 563 cm™!
due to the banding mode of vibration of LaCoO;.

Another band of the absorption peak at 419 cm~! indi-
cates the formation of O—Co—0O and La—O—Co, rep-
resenting the generation of LaCoO; crystalline phase
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Fig. 2. FT-IR spectrum of (a) Lajg¢Sry;Co0O3,
(b) Lag St 4C003, (c) Lag 581y sCo05 prepared at 600°C.

structure [31]. Further vibration peak at 1458 cm™!
corresponds to lanthanum cobaltate [32]. Another
peak at 660 cm~! was found in the oxide phase which
indicates spinel phase Co;0, along with the perovskite
oxide due to strontium substitution in the perovskite
oxide [33]. Some additional peaks were observed in
the oxide phase at 855, 1375, and 3595 cm~! due to the
vibration of Sr—O [34], the vibration of the carbonate

group CO§_ groups of the O—C—O bond, stretching
vibration from O—H bond of the moisture moiety [35]
respectively, and another absorption peak at 2350 cm™!
is attributed to the stretching vibration of O=C=0
[36] but peak at 1100 was un-identified in the IR spec-
trum of oxides.

XRD Analysis

XRD powder pattern diffraction of synthesized
oxides La, ;St;3C00; and La, ¢St ,CoO; was carried
out in selected phase angle regions of 20 to 80 deg.
The multiple XRD reflection peaks matched with
their respective strongest peaks through the Joint
Committee of Powder Diffraction Standards (JCPDS)
file 48-0121. All the XRD spectrum peaks represent
the evolution of perovskite-type oxides in both cases.
But, along with the perovskite-type oxide peaks some
additional peaks (impurity) were observed which are
present in trace of quantity such as strontium oxide
(SrO) (JCPDS file no. 6-0520), strontium cobalt
oxide (SrCo0O;) (JCPDS file no. 49-0692) and cobalt
oxide (CoO) (JCPDS file 43-1004) in both spectra.
Oxides were prepared at 600°C temperature by the sol-
gel method using alginic acid as a gelling agent. XRD
powder patterns of strontium lanthanum cobaltate
oxides are represented in Fig. 3. This figure shows the
evolution of the nano-size crystalline oxide structure
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Fig. 3. XRD spectrum of (a) Lag-Sry;CoO; and
(b) Lag ¢Sty 4CoO5 prepared at 600°C.

with the corresponding peaks (100), (110), (111),
(200), (210), (211) (220), (300) and (310) XRD planes
equal along with the standard JCPDS file No. 48-0121.
The perovskite oxides prepared by the sol—gel auto
combustion method using alginic acid, calculated val-
ues of crystallite size S little more in comparison to
Singh et al [37] those oxides prepared by a similar
method. The value of crystallite size of Sr-substituted
cobaltates is estimated by the full width at half maxi-
mum (FWHM) by the most intense peak of the crystal
0.9xA
BcosO’
where B is full width at half maximuma (FWHM),
S equal to the crystallite size, and 0 equal to the Bragg
angle. The value of crystallite size of strontium-substi-
tuted cobaltates La, ;Sr,3C00; and La (Sr, 4,CoO; is
estimated to be ~22, and ~28 nm, respectively.

plane using the Debye Scherrer formula § =

SEM Analysis

To establish the surface morphology of the oxides,
the scanning electron micrographs of La ¢Sty 4,CoO;
at different magnifications were taken and shown in
Fig. 4. SEM images showed the agglomerated form of
oxide on the surface made up of the fine granules with
different nano-scale dimensions (50—100 nm).

Cyclic Voltammetry (CV)

Cyclic voltammograms of fabricated electrodes
(oxide/Ni) were recorded at 20 mV/s between poten-
tial regions 0 to 0.7 Vvs Hg/HgO in 1 M KOH at 25°C
and two representative cyclic voltammetric curves of
La, ;Sr; ;C00; and La, ¢St ,CoO; are shown in Fig. 5.
From the CV curves it is clear that there is the forma-
tion of redox couple in each case just prior to oxygen
evolution reactions. The voltammograms exhibited
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Fig. 4. SEM images of La, ¢Srj 4CoOj at different magnifications: (a) 20000, (b) 40000%, and (c) 50000x%.

pseudo capacitive with anodic peak potential E,,
399+ 4mV, E, 291 £ 7 mV, AE 109 + 10 mV and
These peaks are observed at a fixed potential given in
the following Tablel.

Oxide Roughness Factors (Rp)

For the determination of the oxide roughness fac-
tor (Rp) of each oxide, cyclic voltammograms were
recorded at the different scan rates (10, 20, 40, 60, 80,
and 100 mV/s) in 1 M KOH solution at 25°C between
potentials regions 0.075 and 0.125 V where the contri-
bution of charge transfer reaction is negligible
(Fig. 6a). The double layer (C,) capacitances were
measured from the slope of the straight line curve logj
vs scan rate (Fig. 6b) and the measured value of Cg

Table 1. Values of cyclic voltammetric parameters for OER
on Sr-substituted lanthanum cobaltate in 1 M KOH at 25°C

Oxides Epge mV | Epe, mV | AE,, mV | AE], mV
LagoSrg,Co0; | 391 291 100 341
Lag¢S19,Co05 | 399 297 102 348
Lay;Srg3Co0;3 | 400 293 107 347
Lag ¢Srg4Co05 | 403 295 108 349
Lay 5SrgsCoO5 | 403 277 126 340
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Fig. 5. CV curve of Ni/ (a) Laj;Sry3CoO; and (b)
Lag ¢Sty 4CoOj electrode at 20 mV/sin 1 M KOH at 25°C
recorded between 0 to 0.7 V.

were 1697, 1347, 1813, 6014, and 2268 uF for the
La; ¢Sty ,Co0O;,  LaysSry,Co0;,  Lag,Sr;;Co0;,
La, ¢Sty 4,C00;, and La, 5Sr, sCo0O;, respectively. The
roughness factor for each electrode was calculated
from the Cy values by assuming the Cy of smooth
oxide surface is 60 LF [38] and given in Table 2. The
calculated value of Rp was observed to be almost simi-
lar for each oxide electrode. However, 0.4 mol Sr-
doped lanthanum cobaltate showed a considerably
higher value of Ry (~100) and also showed the most
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Fig. 6. (a) CV curve of Ni/La 4Sr; 4CoOj electrode at dif-

ferent scan rates in 1 M KOH at 25°C recorded between
0.075 to 0.125 V. (b) Plot of charging current density

VS. scan rate for (a) Ni/Lag ¢Srp Co0O4
(b) Ni/Lag ¢St ,C003, and (c) Ni/Lag ¢Sty 4Co05 elec-
trodes.

active electrode from an O, evolution standpoint. The
increase in Rp-value with strontium substitution in
lanthanum cobaltate matrix prepared by malic acid
sol—gel route was also observed by Singh et al. [38].

FElectrocatalytic Activity

Electrocatalytic activities for oxygen evolution on
Sr-substituted lanthanum cobaltate electrodes were
investigated from the Tafel polarization curves in 1 M
KOH saturated with Ar-gas at 25°C shown in Fig. 7.
The Tafel slope of each oxide electrode was deter-
mined from the ratio of potential to the decade of cur-
rent density values from the polarization curve. The
polarization curves showed two Tafel polarization
regions, the observed values of the Tafel slopes in
lower polarization regions were lies from 72 = 2 to
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Fig. 7. Tafel polarization curves on Ni/oxide electrodes at

25°C in | M KOH: (a) LaggSry,Co0;,
(b) Lao.7Sr0_3COO3, and (C) Lao.65r0_4CoO3.

126 = 1 mV dec™!. Sr-substitution in lanthanum cobal-
tate matrix considerably reduced the Tafel slope value,
the maximum reduction in the Tafel slope found in the
case of La,¢Sr;,Co0; electrode From the polariza-
tion curves of electrodes tested for their OER electro-
catalytic activity, it was also apparent that the oxide
electrode viz., La, ¢St 4CoO; has the highest value of
current density at 0.55 V in an alkaline medium at
25°C. Substitution of Sr in lanthanum cobaltate
matrix improved both the apparent current density
(app) @s well as the true current density (j,,) apprecia-
bly. The maximum improvement was observed in the
case of the Laj4Sr,,Co0O; electrode because of the
generation of more concentration of oxygen vacancy
in the prepared oxide while reducing the valence of the
La site which enhances the number of oxygen vacan-
cies. The prepared oxide electrodes showed a current
density very close to those observed by Singh et al.
[37, 39]. Higher values of the Tafel slopes most proba-
bly due to the lower specific surface area and contribu-
tion ohmic resistance [40]. Pavel et al. recently,
reported comparatively higher electrocatalytic activity
on ruddlesden-popper oxides in 5 M KOH with low
values of the Tafel slope (65—70 mV dec™!) and oxygen
over potential ~0.27 V at j = 0.1 A cm™2 [41], and
almost ten times more active towards OER than
La,_ ,Sr,CoO; prepared by solid reaction under con-
stant flow of oxygen and studied their electrochemical
properties and found formation of dynamically stable
active sites during oxygen evolution reaction in alka-
line medium and also investigated the effect of Sr-sub-
stitution in LaCoO; matrix for OER and observed that
increase of Sr-substitution in LaCoO; increases cur-

rent density (J) (1.29, 1.88, 2.58 and 3.88 mA cm™2 at
E=1.7Vvs.RHE forx=0,0.1,0.2 and 0.3 mol Sr-sub-
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Table 2. Kinetic parameters for O, evolution on Ni/oxide electrodes in 1 M KOH (25°C)

. Tafel slope, E, mV Jj, mA cm™2 at E= 850 mV
Oxide i) . - Cq, UF Rg
mV dec atj= 10 mA cm Japp Jir
Laj ¢Sty 1Co0;3 913 717 44.83 1.586 1697 28.3
La §Sry,Co04 722 765 17.04 0.759 1347 22.5
Lay 7Sty 3C00; 86+ 2 700 39.82 1.317 1814 30.2
Lag ¢Sry 4Co0;5 1033 647 73.07 0.728 6015 100.2
Lag 551y 5C00;5 126+ 1 689 32.72 0.865 2268 37.8
Table 3. Thermodynamic parameters for O, evolution on Ni/oxide electrode in | M KOH
Electrodes AH, kI mol~' at (o, =0.5V) | —AS",J deg~'mol™! o AHY, k) mol™!

Lag ¢Sty Co04 26 288 0.64 76.80
Laj ¢Sty 4C00; 24 292 0.57 68.13
Lag 551y 5C00;5 12 336 0.46 47.78

stitution respectively) [42]. B.J. Kim et al., studied the
functional role of Fe-doping in cobalt based per-
ovskite oxides and reported similar Tafel slopes
~60 mV dec~! and improved activity with Fe-doping
due to its synergetic effect [43].

Order of Reaction (p)

For the determination of the order of oxygen evo-
lution reaction, the Tafel polarization curves were
recorded at different concentrations of KOH (0.25,
0.5, 0.75, 1.0, and 1.5 M) and the ionic strength of
medium (U = 1.5) was kept constant with the use of
KNO; as an inert electrolyte at 25°C. The order
of reaction was calculated from the slope of log j vs.
log[ OH™] plot at constant potential (0.8 V). Two rep-
resentative plots for the Lay¢Sry,Co0O; and
La; sSt) sCo0O5 electrodes are given in Fig. 8. The
order of reaction for each oxide electrode was found to
be approximately unity (~0.7) which indicated that the
electrochemical formation of oxygen on elec-
trode/solution interface follow the similar mecha-
nism. A similar kind of mechanism for OER ina KOH
medium was also proposed by Singh and co-workers
for La, _ ,Sr,CoO; [37, 38] and La, _ ,Sr,MnO; [39]
electrodes.

THERMODYNAMIC STUDY
The thermodynamic parameters such as apparent
electrochemical activation energy (AH? ) at constant

reversible potential, real activation energy (AHgf) at
constant overpotential (at 1, 0.5 V) and entropy of

reaction (AS§¢) on fabricated oxide electrodes for
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OER were determined from the Tafel polarization
curves recorded at different temperaturesin 1 M KOH
solution (Table 3). The value of was estimated from the
slope of Arrhenius plot logj vs. 1/T shown in Fig. 9.

The calculated values of AHff were 26, 24, and
12 kJ mol~! for Laj4Sry;Co05, La,¢Sry4Co0;, and
La, sSr, sCoO; electrodes respectively AS = 2.303R X

[AH. /2.303RT +log j — lognF®C,, ]  equation
was used for calculation of their entropy of reaction
—288, —292, and —336 J deg™! mol~! [39]. This highly

logj[A cm™?]
—12 L at E=1.624 Vvs. RHE
—1.3+
—1.4
—1.5+
—1.6 -
—1.7 F
—1.8
—-1.9
-2.0 :

1
—-0.2 0

1
0.2
log [OH™] [mol L’l]

1
—0.4

Fig. 8. Plot of logj (at £ = 1.624 vs. RHE) vs. log[OH™] at
25°C. (a) La0_6Sr0‘4C003 and (b) La0_55r0_5C003.
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Fig. 9. The Arrhenius plot at 0.8 Vin 1 M KOH for
(a) La ¢Sry 4CoO3 and (b) Lag 5S1) ;Co0O3.

negative values entropy of reaction indicates the
mechanism of the electrochemical oxygen evolution
occurs by the adsorption of the reaction intermediate.

CONCLUSIONS

The present investigation includes the preparation
of Sr-substituted lanthanum cobaltate by sol—gel
route using alginic acid as a precursor. The formation
of the perovskite phase of oxides was established by the
TGA, IR, XRD, and SEM analyses. XRD spectra of
oxide showed the formation of perovskite as a major
phase along with some additional phases in trace
amounts. The sol—gel method could be useful for the
economical formation of highly active electrocatalysts
for oxygen evolution reaction in 1 M KOH solution.
Sr-substituted lanthanum cobaltates prepared by the
alginic acid sol—gel method are found to considerably
have higher electrocatalytic activity than those oxides
synthesized by other conventional high-temperature
methods. The present investigation also showed that
the Sr-substitution in LaCoO; improves the electro-
catalytic activity and recommends them as good can-
didates for electrocatalytic applications and energy
storage devices.
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