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Perovskite-type oxides of lanthanum and cobalt with composition La;«SrkCoO3 (x = 0.0, 0.2, 0.4, 0.6
and 0.8) have been prepared by a low temperature sol-gel route. Electrodes of the material were
formed on pretreated Ni-support by oxide slurry painting technique and studied their electrochemical
behavior with regards to oxygen evolution reaction (OER) in agueous KOH solution. The
electrochemical characterization was done in three electrode single compartment glass cell using
Gamry (Reference 600) Electrochemical Work Station. Techniques used for electrochemical studies
were cyclic voltammetry and Tafel polarization. The data showed that the substitution of Sr (0.2 - 0.8
mol) increased the electrocatalytic activity of the oxide. The value was found to be highest with 0.8
mol Sr. The Tafel slopes and reaction order with respect to OH" concentration for oxygen evolution
reaction were found to be 65-77 mVdecade™ and unity, respectively. The cyclic voltammogram
recorded between 0.0 — 0.7 V in 1M KOH at 25°C exhibited a pair of redox peaks prior to oxygen
evolution reaction. The thermodynamic parameters for oxygen evolution reaction such as, standard
electrochemical enthalpy of activation (AHZ), standard enthalpy of activation (AH"*), and standard
entropy of activation (AS%*) have also been calculated by recording the Tafel polarization curve in 1
M KOH at different temperatures. Oxide samples were characterized physicochemically by scanning
electron microscope (SEM) powder X-ray diffraction (XRD) techniques.
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1. INTRODUCTION

The perovskite-type oxides having general formula ABO3, where, A is the cation of large size
(like La, Sm) and B is transition metal ions, are known to be important electrocatalysts [1-5] and well
investigated for water electrolysis, fuel cells, auto-exhaust treatment etc. In the past, these materials
were prepared by conventional ceramic and thrmal decomposition methods [6-11], which required very
high temperature and produced oxides with high particle size and low specific surface area. Oxides
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obtained by these methods also showed very low electrocatalytic activity. However, oxides produced
by suitable low temperature procedure have smaller particle size with high specific surface area.

During the last few decades, some low temperature synthetic routes with suitable precursors
have been reported in literature [12-16]. These methods involve the use of amorphous organic acid,
like malic, citric, steric, polyacrylic acid etc, hydroxide and solid solutions, and binuclear complexes of
compartmental ligands. By adopting these low methods, Singh et al. [17-28] prepared a series of
perovskite-type oxides; LaCoOs3, LaMnOgs, LaNiO3 with their substituted derivatives and studied their
electrocatalytic properties for OER in alkaline solutions. The electrocatalytic activity of these materials
was observed to be much better than previously prepared by conventional ceramic and high
temperature thermal decomposition methods. Recent literature [29-42] showed that the electrocatalytic
properties of pure, composite and bifunctional perovskite oxides have been studied by number of
researchers with regards to oxygen evolution reaction (OER) as well as oxygen reduction reaction
(ORR).

In 1998, Singh et al [25] reported the electrocatalytic properties of strontium substituted
lanthanum manganites obtained by citric acid-ethylene glycol precursor route [16]. By adopting the
similar method [16, 25], we produced mixed oxides of La, Sr and Co in the form of oxide film
electrode. The electrodes were further used to study the ectrocatalytic properties with regards to OER.
Details of results are described here.

2. EXPERIMENTAL

Mixed oxides La;xSrxCoO3 (x = 0.0, 0.2, 0.4, 0.6 and 0.8) were prepared by low temperature
sol-gel route as reported by Vassiliou et al. [16]. All the chemicals and reagents used in each
preparation were of analytical grade and purified. In the process of synthesis, weighed amount of
La(NO3)3.6H,0O (Merck 99%), Sr(NOs), (Merck, 99%) and Co(NOs),.6H,O (Merck, 97%) were
dissolved in 100 ml double distilled water as per stoichiometric ratio of the oxide. In this an excess
quantity of citric acid (Merck, purified), few ml of ethylene glycol (Merck, 96%) and 2 drops of HNO3
(Merck) were added with constant stirring. The solution was then evaporated on water bath. The gel
formed after evaporation was heated gradually to decompose on the hot plate. The material, so
obtained, was crushed into agate pastel mortar to get the fine powder, which was finally sintered at 650
°C for 5 hr in a PID controlled electrical furnace to obtain the desired oxide. During each preparation,
the ratio of metal ions, citric acid and ethylene glycol was kept constant to 4 g: 10 g: 4 ml,
respectively.

The oxide, so prepared, was confirmed for its perovskite phase by recording X-ray diffraction
pattern (XRD) using XPERT-PRO Diffractometer (Model PW3050/60; Radiation Source: Cu-Ka,; A =
1.54048 A). The texture morphology of the oxide powder sintered at 650 °C for 5 hr was examined by
scanning electron microscope (JOEL JSM 6490LV). In order to get the electrochemical studies, oxide
powders were transformed into the oxide film electrodes on Ni-support. For the purpose, slurry of the
oxide powder with Triton X-100 was prepared, painted on to one side of the pre-treated Ni-support and
subsequently heat treated at 380 °C for 1% hr. The coating of the slurry was repeated 2-3 timed to
obtain the desired loading on the conducting support. The electrical contact with the oxide film was
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made by using copper wire, silver paste and Araldite epoxy. The treatment of Ni-support and electrical
connection with the oxide film to form the oxide film electrode were done in the same way as
described earlier [17, 22]. The electrocatalytic properties of the material were studied in a three
electrode single compartment glass cell using cyclic voltammetry (CV) and Tafel polarization
techniques. For the purpose, an electrochemical work station (Gamry Reference 600 ZRA) having
potentiostat/galvanostat provided with corrosion and physical electrochemistry software and a desktop
computer (HP) was used. A platinum foil (~2 cm?) and Hg/HgO/1M KOH (E° = 0.098 V vs NHE at
25°C) were used as an auxiliary and reference electrodes, respectively. In order to get the minimum
solution resistance (iR drop) between the working and reference electrode, a Luggin capillary (agar-
agar and potassium chloride gel) was employed to make the connection between them. The oxide film
electrode was used as working electrode. The formal overpotential values mentioned in the data were
obtained by the relation, 1 = E — EGWH_, where E and ED:_.-'CII-I_ (= 0.303 V vs. Hg/HgO) [43] are the
applied potential across the catalyst/ 1 M KOH interface and the theoretical equilibrium Nernst
potential in 1 M KOH at 25 °C, respectively.

3. RESULT AND DISCUSSION
3.1 Physicochemical Properties

3.1.1 Scanning Electron Micrograph (SEM)
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Figure 1. SE-micrograph of the oxide powder sintered at 650°C for 5 hrs. a: LaCoOs,
b: Lag gSrp2Co0s3, C: LagSrg4Co0; d: Lag 4Srg6C003 e: LagSrgsCo0;

SE-micrograph of the each oxide has been carried out in the form fine powder and the results,
S0 obtained, are shown in Fig. 1 (A-D) at magnification x500. Figure indicates that feature of each
oxide powder is more or less similar in nature and grains do not follow definite structure. However,
particle size of the material is influenced by Sr-substitution and found to be minimum with 0.8 mol Sr.

3.1.2 X-Ray Diffraction (XRD)

Relative Intensity/ arb. unit

20

Figure 2. X-ray diffraction of oxide powder sintered at 650°C for 5 hrs. a: LaCoOs,
b: LagsSro2Co0s;, c: LageSre4sCo03 d: Lag »SrpsCo0;

Powder X-ray diffraction pattern of the material sintered at 650 °C for 5 hr is recorded between
20 = 20° and 80° and represented in Fig. 2. The data, so obtained, were analysed by using JCPDS-
ICDD 1997 with reference no. 25-1060 and 36-1393 for LaCoOjz; and Sr-substituted products,
respectively which indicates more or less hexagonal crystal geometry of the material with a =
5.434+0.007 A and ¢ = 13.153+0.065 A. Values of crystallite size as estimated by using Scherer’s
formula [44] were found to be 28, 17 and 14 nm for LaCoO3; & LaggSry2C003, LagsSre4Co03 and
Lag2SrosC00s3, respectively.
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3.2. Electrochemical properties

3.2.1. Cyclic Voltammetry (CV)

The cyclic voltammogram of each oxide film electrode on Ni substrate was recorded at the scan
rate 20 mV sec™ in the potential region 0.0-0.7 V in IM KOH at 25 °C. A representative curve for each
oxide is shown in Fig. 3.
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Figure 3. Cyclic voltammogram of La;.xSryCoO3 (0 < x < 0.8) film electrode on Ni in 1M KOH at
25°C (scan rate = 20 mV sec™). a: LaCoO3;, b: LapgSrp2Co003,  c: LageSro4Co0s,
d: Lag 4SrpC003, €: Lag,SrpsCo03

Values of cyclic voltammetric parameters such as anodic (Eps) and cathodic (Epc) peak
potentials, the peak separation potential (AE, = Eps-Epc), anodic and cathodic peak current (jp & ip,)
and the formal redox potential [E’= (Epa+Epc)/2] have been estimated from the CV curves and given in
the Table 1. The table 1 and figure 3 showed that voltammograms of the oxide electrode exhibited a
pair of redox peaks, one anodic (Epy = 524430 mV) and a corresponding cathodic peak (Ep. = 316+20
mV), prior to the onset of oxygen evolution reaction. Similar redox peaks have also been observed for
La;.xSrkCoOs3 film electrodes on Ni obtained by malic acid aided [17] and polyacrylic acid [22] (Epa =
500 mV and Epc ~ 310 mV at 20 mV sec™) methods in 1M KOH at 25 °C and for Lag gSro>Nio>C0g O3
(Epa ~ 490 mV and Ep; ~ 350 mV at 30 mV sec™) [22, 45] in 30 wt% KOH. The cyclic voltammogram
of the bare Ni [46] (Epa = 490 mV and Ep; ~ 380 mV) in 1 M KOH indicates that the redox peaks
observed in the present investigation result from the Ni substrate which might come in contact with the
electrolyte during cycling process. Also, it is reported [1, 47] that oxides prepared at low temperature
undergoes hydration easily in solution. The electrolyte may also penetrate the oxide film through
pores, cracks and grain boundaries.
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Figure 4. Cyclic voltammogram of the Lao 2SrpsC00O; film on Ni at different scan rates in 1M KOH
(25°C).
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Figure 5. Plot of charge () vs (scan rate)™2 for the oxide electrode La;xSryCoOs (0 <x <0.8) in 1 M
KOH

To examine the influence of scan rates on the cyclic voltammetric parameters, CV curves were
recorded at different scan rates ranging from 20 to 120 mV s™ by keeping the experimental conditions
similar. A representative voltammogram for Lag2SrpsCo0Os3 is shown in Fig. 4. From figure it is
observed that both anodic and cathodic peaks shifted either side as the scan rate is increased from 20 to
120 mV sec™. This indicates that the redox process is quasireversible. The voltammetric charge (q)
was estimated by integrating the CV curve from zero to a potential just prior to the onset of oxygen
evolution reaction. The linearity found in the plot of q vs (scan rate)™ (Fig. 5) indicates that the
surface redox process is diffusion controlled.
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Table 1. Cyclic Voltammetric parameters for La;«SrxCoO3 (0 < x < 0.8) film electrodes at scan rate
20 mV sec™ in 1M KOH at 25°C

Electrode Epa | Epc | AE=Epa- | E°=(Eps+ jn, iz, ip,
ImV | /mV Epc Erc)2 | /mAcm? | /mAcm™ |
/mV /mV

LaCoO; 524 | 333 191 429 38.8 21.5 1.8
LaggSrg2Co03 495 335 160 415 19.4 10.5 1.9
LageSro4CoO; | 517 | 336 181 427 76.1 42.8 1.8
Lag.4SrgsC003 554 326 228 440 37.0 18.6 1.9
Lag »2SrgsCo03 495 297 198 396 31.7 25.6 1.2

3.2.2. Double layer capacitance/Roughness factor
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Figure 6. Typical CV curve for the Ni/Lag 4SrosC00O3 electrode in the potential region 0.0-0.1V in 1M
KOH at 25°C.
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Figure 7. Plot of jcap Vs scan rate for the Ni/ Lag 4SrosC0O3 electrode in 1M KOH at 25°C.

The roughness factor is determined only for the oxide electrode, Lag4SrosC00s3, since cyclic
voltammetric curve for other materials was unsymmetrical in the small potential capacitive region
(0.0-0.1 V). The value of capacitance double layer (Cqj) and its roughness factor was estimated by the
method reported in literature [48]. The CV curve and its corresponding jcap VS Scan rate are represented
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in Fig.6 and Fig. 7, respectively. The slope of the straight line obtained from jc,p Vs scan rate plot gives
the value of capacitance double layer. The corresponding roughness factor was estimated by assuming
capacitance double layer of the smooth oxide surface, 60 uF cm™ and the value of roughness factor
was found to be 923 for the oxide electrode Lag 4SrosC003.

3.2.3. Electrocatalytic activity

The electrocatalytic property of each oxide electrode was determined by recording the iR-
uncompansated anodic polarization curve (E vs log j) in 1 M KOH at 25 °C at the scan rate of 0.2 mV
s™. The anodic polarization curves, so obtained with each oxide electrode are shown in Fig. 8.
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Figure 8. Tafel plots for the pure and Sr-substituted oxide film electrode on Ni in 1M KOH at 25°C;
scan rate: 0.2mVsec™. a: LaCo0O3, b: LaggSrg,Co0s, ¢: LageSresCo03, d: LagsSrgsCo0s,
e: Lag »SrgsCo0s.

The polarization curves are found to be similar in nature and have two Tafel slope region; one
at low potential and other at higher potential. These polarization curves are used to estimate the values
of Tafel slope and electrocatalytic activity of the material. The electrocatalytic activity is determined in
terms of current density at two different overpotentials as well as in terms of overpotential at two fixed
current density and represented in Table 2. Values of Tafel slope were ranged between 66-77 mV
decade™. Almost similar Tafel slope value was observed in the case of La and Co mixed perovskite-
type oxides reported in literature [6-9,17]. From table 2, it is evident that the substitution of Sr for La
in LaCoOj3 increased the electrocatalytic activity and the value was found to be maximum with 0.8 mol
Sr-substitution. At overpotential 350 mV the catalytic activity of Lag 2SrosCoO3 was observed to be ~ 6
times higher than that of base oxide. Based on the apparent current density data at a certain
overpotential (r,,, = 400 mV) the electrocatalytic activity of oxides followed the order:

Lag2SrosCo0s (ja = 151.9 mA cm™) > Lag4SrosC003 (ja = 90.1 mA cm™) > LageSro4C0o03 (ja
=67.7mA cm®) > LaggSre2C00s (ja = 46.7 mA cm™®) > LaCoOs(ja = 28.0 mA cm™)

Similar trends of electrocatalytic activity have also been observed in terms of overpotential at a
fixed current density.
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Figure 9. Tafel plots for oxygen evolution on the Lag,SrogCoOs film on Ni at varying KOH
concentrations (u = 1.5) at 25°C.

In order to obtain the reaction order (p), the anodic polarization curve was recorded in different
KOH concentration (Fig. 9). The ionic strength of the electrolyte at each concentration was kept
constant (x =1.5) by using KNO3; (Merck 98%) as an inert electrolyte.
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Figure 10. Plot of log j vs. log [OH] for La;.xSrxCo0O3 (0 < x < 0.8) film electrode on Ni at 25°C at a
constant applied potential (E = 650 mV).

The order of reaction was estimated from the slope of the straight line plot log j vs log [OH"]
(Fig. 10) at a fixed potential (E = 650 mV). The value of reaction order was found to be unity with
each oxide electrode and given in Table 2. The first Tafel region of the polarization curve, obtained at
different KOH concentrations, was generally considered to take the current density value. The
observed values of reaction order and Tafel slope suggest that each oxide electrode follows more or
less same mechanistic paths for the oxygen evolution reaction.
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Table 2. Electrode kinetic parameters for oxygen evolution on Ni/La;«SrkCoO3; (0 < x < 0.8) film
electrodes in 1M KOH at 25°C (scan rate = 0.2 mV sec™)

Electrode Tafel slope Order(p) j/ mA cm™ Mg, IMV

/mV decade’ at atn,_/mV at j/ mA cm?
! E =650 mV '

350 mV | 400 mV 100 300
LaCoO; 77 0.8 7.2 28.0 467 552
Lao sSro2Co0;3 66 1.0 11.9 46.7 436 509
Lag 6Sro.4Co003 71 1.0 16.3 67.7 417 477
Lao4SrosCo0s3 72 1.1 24.1 90.1 406 462
Lao 2SrosCo0s3 70 1.0 42.4 151.9 383 435
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Figurell. Tafel plots for oxygen evolution on the Lag»SrosCoOj3 film on Ni at different temperatures
in1M KOH. a:20°C b: 30°C c: 40°C d: 50°C
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Figure 12. The Arrhenius plot for La;xSrxCoO3 (0 < x < 0.8) film electrode on Ni in 1 M KOH at a
constant applied potential (E = 650 mV).
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The effect of temperature on oxygen evolution reaction has also been studied with each oxide
electrocatalyst. For the purpose, anodic polarization curves were recorded at different temperature in 1
M KOH. A representative polarization curve for Lag,SrogCoO;3 is shown in Fig. 11. The current
density (j) was estimated from each polarization curve recorded at different temperature and a graph
log j vs 1/T, as shown in Fig. 12, was plotted at a constant applied potential. Slope of the plot gives the
value of standard apparent enthalpy of activation (AHe®). The value of AHg™ was almost similar with
each oxide electrode.

The equation a = 2.303RT/bF was used to estimate the transfer coefficient () for the OER.
Where, R, F and T are the gas constant, Faraday constant and absolute temperature, respectively. The
Tafel slope (b) is calculated from the polarization curves obtained at different temperatures. The
standard enthalpy of activation (AH") or standard electrochemical enthalpy of activation was
calculated by using the relation, AHg** = AH** — aFn, where, 1 is the overpotential. The equation [49]
given below was used to calculate the AS** value.

AS* = 23R [log j + AHe ™ /12.3RT — log (nFwCon)]

Where, o (= kgT/h) is the frequency term and n = 2, kg and h are the Boltamann constant and
Plank’s constant, respectively. The estimated values of transfer coefficient («), standard apparent
enthalpy of activation AH**, standard enthalpy of activation (AH) and entropy of activation (AS¥)
are given in Table 3. The highly negative value of standard entropy of activation (AS*) for OER
suggests the role of adsorption phenomenon in the electrochemical formation of oxygen.

Table 3. Thermodynamic Parameters for La; xSryCoO3 (0 < x < 0.8) film electrodes at, E = 650 mV

Electrode a AHSF [kJ mol™? AH®* -AS
/kJ mol™ 13 deg™* mol™

LaCoO3 0.76 55.9 814 142.2

Lap gSrp2Co03 0.89 49.5 79.3 159.2

LapsSro4Co03 0.83 52.6 80.4 146.5

Lag.4SrosC003 0.81 59.3 86.6 120.6

Lap 2SrpsCo03 0.84 63.0 91.2 103.5

4. CONCLUSION

The X-ray diffraction study indicated the formation of pure perovskite phase of the material
with hexagonal crystal geometry. The substitution of Sr for La in the base strongly increased the
electrocatalytic activity of the oxide and the value being highest with 0.8 mol Sr-substitution. The
activity of this oxide is almost six times higher than that observed by LaCoOs;. However,
thermodynamic parameters are almost unaffected by the Sr-substitutions.
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