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Perovskite-type oxides of La, Srand Co have been prepared via a sol-gel route using nitrate salt of metals
and polyvinylpyrrolidone (PVVP40) as precursors. The electrocatalytic properties of the material was
investigated by recording cyclic voltammogram (CV) and anodic polarization curve in 1 M KOH at 25
°C. The experiments have been performed in a three-electrode single compartment glass cell in which
the synthesized oxide was taken as anode in the form of film electrode. Auxiliary and reference
electrodes were Pt-foil (area ~ 2 cm?) and Hg/HgO/1M KOH, respectively. The CV recorded in the
potential region 0.0 — 0.7 V, exhibited an anodic (Epa = 495+14 mV) and corresponding cathodic peaks
(Epc = 353 £ 38 mV) prior to onset of oxygen evolution reaction (OER). Anodic polarization study
indicates that substitution of Sr in the base oxide (LaCoOs3) enhanced the electrocatalytic properties of
the material. The activity was found to be highest with 0.8 Sr-substitution. At E = 800 mV, it produced
current density j = 261.8 mA cm, which is about 65 times higher than the base oxide. Values of Tafel
slope and reaction order as given in Table 2, describe that each oxide electrode has different mechanistic
path towards OER. Thermodynamic parameters, such as standard entropy of activation (AS*#), standard
enthalpy of activation (AH®#) and standard electrochemical energy of activation (AHe™®) have been
estimated for each oxide electrode. Materials have also been analysed for their perovskite phase and
morphology by using X-ray diffraction (XRD) and scanning electron microscope (SEM) techniques,
respectively.

Keywords: Perovskite-type oxide, PVP method, XRD, Oxygen evolution, Electrocatalytic activity,
Thermodynamic parameters

1. INTRODUCTION

Perovskite-type oxides of La with Ni, Co, Fe, Mn and their metal- substituted products are known
to be efficient electrocatalysts having wide range of applications such as an electrode material for
alkaline fuel cell [1,2], water electrolysis and fuel cell [3-7], as heterogeneous catalysts for oxidation of
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unburnt hydrocarbon and CO, reduction of NO exhaust [8-10] and as low cost cathode or anode for Oz
reduction [11] or Oz evolution [12], respectively. Oxide materials obtained by higher temperature
methods [13-18] have large particle size, low specific surface area and therefore low electrocatalytic
properties.

During last few decades, investigations have been made and some low temperature synthetic
routes [19-23] have been developed to produce oxides with low particle size and high specific surface
area. These methods generally require precursors of amorphous organic acids, like malic acid (MA),
citric acid (CA), polyacrylic acid (PAA), citric acid-ethylene diamine (CA-EDA) etc, which facilitate to
give the homogeneity in the metal ions and thereby produce the material relatively at lower temperature.
By adopting these methods and some other methods, such as spray pyrolysis (spray), sequential solution
coating (SSC), hydroxide solid solution (HSS) and precipitation, Singh et al. [24-37] synthesized
LaCo0Os, LaMnOs3, LaNiOs3 and their metal-substituted derivatives and used them as anode for alkaline
water electrolysis. They found that the electrocatalytic power of oxides, obtained by low temperature
methods, was much better than those prepared by conventional ceramic [38, 39] and high temperature
thermal decomposition [13] methods. Recently, we developed Sr [40] and Cu-substituted [41] lanthanum
cobaltate by using citric acid-ethylene glycol (CA-EG) and malic acid sol-gel route, respectively and
studied their electrocatalytic properties towards OER. During recent years, some Fe-based perovskite
oxides have been reported [42, 43] for their oxygen evolution electrocatalytic properties in alkaline
medium. Sarkar et al. [42] produced LaixCaxFes-s by combustion method and found maximum activity
with x = 1.0 mol towards OER. The BSCF perovskite oxides [43] obtained by glycine-nitrate auto-
combustion method have been used as bifunctional electrocatalysts with oxygen evolution current
density 10 mA cm? at E = 1.65 V vs RHE. Julio C. Sczancoski et al. [44] studied OER on Fe-doped
LaNiOs3 deposited on pyrolytic graphite sheets and found the highest electrocatalytic activity for
LaNio.4FeosO3 with Tafel slope value of 52 mV decade™. The findings of above research articles and
literature revealed that the electrocatalytic properties of oxides strongly affected by preparation method,
precursors used in the synthesis, metal ion substitution, pH of the solution and preparation temperature.

In this paper, we used a new precursor, polyvinylpyrrolidone (PVP) having mol. wt. 40000, for
the synthesis of Sr-substituted lanthanum cobaltate and studied their electrocatalytic properties with
regards to OER. Polyvinylpyrrolidone is a water-soluble polymeric material and has excellent
emulsifying and wetting properties. These properties enable metal ions for the easy nucleation and
produce oxide material at low temperature. Results of the study, so obtained, are described in this paper.

2. EXPERIMENTAL

Materials, Lai-xSrxCoOs (0 < X <0.8), were prepared by adopting the method reported elsewhere
[45]. According to this, aqueous solution of La(NO3)s.6H20 (Himedia, 99.0%), Co(NOs3)3.6H20 (Merck,
98%), Sr(NOs)2 (Merck, 99.0%) and was prepared in stoichiometric ratio. To this, polyvinylpyrrolidone
(Sigma-Aldrich, Molecular Wt. 40,000) with ratio, PVP: 3 times the total moles of cations, was added.
A gel like mass was obtained on evaporation of the solution with constant stirring. The gel further
decomposed at higher temperature to get the precursors of perovskite-oxide. The polymerized precursors
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were then heat treated at 600 °C for 6h in a PID controlled electrical furnace (ASCO, India) in and get
the desired products.

The perovskite phase of the synthesized materials was confirmed by recording the X-ray
diffraction. For the purpose, XPERT-PRO Diffractometer (Model PW3050/60) having radiation Source
Cu-Ka (A = 1.54048 A) was used. Scherrer’s formula was used to calculate the crystallite size of the
materials. The texture of the oxide in the form of powder was examined by scanning electron microscope
(JOEL JSM 6490LV).

The electrocatalytic properties of the synthesized oxides have been performed in the form of film
electrodes. For the purpose, slurry was prepared by mixing the oxide powder with few drops of Triton
X-100 (Merck, 98.0%). This slurry was then coated to one side of the pre-treated Ni plate (area = 1.5
cm?) with the help of fine brush and subsequently heat treated at 380 °C for 1% hr. For desired loading
of the oxide powder on the substrate, coating process was repeated 2-3 times. The oxide film was then
converted into electrode by making the connection with copper wire, silver paste and Araldite epoxy.
The cleaning of Ni-support and formation of oxide film electrode were performed in the similar way as
mentioned in the literature [24, 29]. An electrochemical workstation (Gamry Reference 600 ZRA)
provided with potentiostat/galvanostat and corrosion & physical electrochemistry software was used to
run the cyclic voltammogram (CV) and anodic polarization experiments. The equipment is connected to
the desktop computer (HP) where all the data were recorded and stored. During the experiment, a
platinum foil (~2 cm?), Hg/HgO/1M KOH (E° = 0.098 V vs NHE at 25°C) and oxide film electrode were
used as auxiliary, reference electrode and working electrode, respectively. The was the oxide film
electrode. In order to make the proper connection between working and reference electrode and to
minimize the ohmic resistance (iR drop), Luggin capillary (agar-agar and potassium chloride gel) was
employed in the electrochemical cell.

The electrochemical order of reaction was determined by recording the anodic polarization curve
in different KOH (Merck, 98.0%) concentration at 25 °C. During the experiment, ionic strength (u =
1.5) was kept constant by using inert electrolyte KNOs (Merck, 98.0%). The standard electrochemical
energy of activation and other thermodynamic parameters have been calculated from the polarization
curve recorded in 1M KOH at different temperatures.

3. RESULT AND DISCUSSION
3.1 Physicochemical Properties

3.1.1 Scanning Electron Micrograph (SEM)

SE-micrographs of LaCoOs and its Sr-substituted products were taken in the form of powder and
shown in the Fig. 1 (a-d) at magnification x500. Figure shows that the Sr-substitution in the base oxide
strongly affected the texture of the material. Flakes like structure has been observed in the micrograph,
but the size of the flakes was found to decrease with the substitution of Sr for La in the base oxide.
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Figure 1. SE Micrographs of oxide powder sintered at 600 °C for 5 h. a: LaCoOs, b: Lao.sSr0.2C00s, C:
Lao.4Sr0.6C00s, d: Lao.2Sro.sCo03

3.1.2 X-ray diffraction (XRD)

110

=
‘0
j
1]
C <
o N o
S )
i
i Ny
1 " 1 " 1 " 1 " 1 1 1
20 30 40 50 60 70 80
206 /degree

Figure 2. X-ray diffraction patterns of Lao.2Sro.sC00Os sintered at 600 °C for 5 h;

Fig. 2 represents the X-ray diffraction pattern of Lao.2Sro.sCos, sintered at 600 °C for 5h in 20 =
20° to 80°. Values of 20 and ‘d’ corresponding to each diffraction lines were found to be very close to
their respective JCPDS ASTM file 25-1060 and followed hexagonal crystal geometry. The observed
data of the diffraction pattern indicates that the P\VP method produced the material with almost pure
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perovskite phase. Scherer’s formula [46], S = 0.9A/BCos6, was used to calculate the crystallite size of
the material and found to be ~ 18 nm for Lao.2Sro.sCos oxide. In the Scherer equation, A is the wavelength
of radiation, B is the full width at half of the most intense peak and 6 is the corresponding angle.

3.2. Electrochemical properties

3.2.1. Cyclic Voltammetry (CV)

Redox behaviour of each oxide film electrodes on Ni was determined by recording cyclic
voltammogram between 0.0 - 0.7 V potential region in 1 M KOH at 25 °C (scan rate = 20 mVsec™). In
order to avoid any complexity, CV curve of only three composition is shown in Fig. 3.

60.00m

40.00 m

20.00m

0.000 -z -

j (mA/cm?)

-20.00 m

-40.00 m . . : ‘ : : : ‘ . : ; :
0.000V 200.0 mv 400.0 mV 600.0 mV

E (mV)

Figure 3. Cyclic voltammograms of Ni/ La1xSrxCoO3 (0 < x <0.8) in IM KOH at 25°C; (scan rate = 20
mV sec™) a: LaosSro2Co0s, b: Lao.4Sro6Co0s, c: Lao.2Sro.sCo03

Table 1. Values of the cyclic voltammetric parameters of Ni/ Lai-xSrxCoO3 (0 <X <0.8)in 1M KOH
at 25 °C (scan rate = 20 mV sec™).

Electrode Era Erc AEp E° jpa jpc jpa /jpc
/mV /mV /mV /mV
LaCoOs 482 372 110 427 1.2 04 2.6

Lao.sSro2Co03 503 391 112 447 1.6 0.7 2.3
Lao.4Sro6C003 509 361 148 435 4.5 3.1 1.5
Lao.2Sro0.sCo0s 505 315 190 409 509 310 1.6

Each voltammogram was observed to be similar to that reported in literature [24, 29, 47] and has
a pair of redox peaks, an anodic (Epa = 495 £ 14 mV) and corresponding cathodic (Epc = 353 £ 38 mV),
prior to the oxygen evolution reaction. Values of peak potentials (Era & Erc), peak separation potential
(AEp = Epa - Erc) and formal redox potential {E° = (EratErc)/2} were estimated from the CV curve and
are listed in Table 1. The value of redox peaks obtained with each oxide electrode was found to be very
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similar to that for bare Ni [48]. This indicates that the redox peaks might be originated due to contact of
electrolyte with Ni substrate during the cycle process. Also, it has been reported [3, 49] that oxides
prepared at low temperature undergo hydration easily in electrolytic solution. As a result of this the
electrolyte may penetrate the oxide film and come in contact with the Ni-substrate through pores, cracks
and grain boundaries.

The effect of scan rate on the redox behaviour has also been studied in 1M KOH at 25°C. A
representative cyclic voltammogram for Ni/LaCoOs at different scan rates is shown in the Fig. 4. The
nature of CV curve obtained at different scan rates is almost similar to that observed at scan rate of 20
mV sec L. The only difference is that as we increase the scan rates from 20 to 120 mV sec™ the anodic
and cathodic peaks shifted towards higher and lower potential sides, respectively. The observed shifting
in the peaks indicates the quasi-reversible nature of the redox couple. The anodic and cathodic peak
currents also observed to vary with scan rates. From table 2, it is found that the ratio of anodic and
cathodic peak current is more than unity, which indicates the irreversible nature of the redox process.
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Figure 4. Cyclic voltammogram of the Ni/LaCoOs film electrode at different scan rates in 1M KOH
(25°C)

3.2.2. Electrocatalytic activity
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Figure 5. Tafel plots for oxygen evolution on Ni/Lai1xSrxCoOs (0 < x <0.8) in 1M KOH at 25 °C; scan
rate: 0.2 mVsec™ a: LaCoOs, b: LaosSro2Co0s ¢: LaosSrosCoOs, d: Lao.2Sro.8Co03
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The electrocatalytic activity of each oxide electrocatalyst was determined by recording jR-
compensated anodic polarization curves (E vs.log j) at a slow scan rate of 0.2mV sec™® in 1M KOH at 25
°C. The observed polarization curve is shown in Fig. 5.

The electrocatalytic activity in terms of potential at constant current density as well as in terms
of current density at constant potential and Tafel slope were estimated from the polarization curve.
Values, so obtained, are given Table 2. Table 2 indicates that the Tafel slope value was found to
minimum (52 mV decade™) with most active, Lao2Sro.sCoOs, electrode and values of other electrodes
lied between 52 and 86 mV decade™. The substitution Sr for La strongly affected the electrocatalytic
activity of the material. On the comparison of electrocatalytic activity in terms of current density at fixed
potential of 800 mV, it was found that 0.8 mol Sr-substituted oxide has about 67 time more current
density than the base oxide (LaCoOs).

Based on the current density data at constant potential (E = 800 mV), the electrocatalytic activity
of different oxide electrodes show the following order:

La0.2Sro.8Co03 (j = 261.8 mAcm2) > Lao4SrosCo0s (j=37.6 mAcm2) > Lao.sSro2Co03 (j=15.1
mAcm2) > LaCoOs (j = 3.9 mAcm™)

Table 2. Electrode kinetic parameters for oxygen evolution reaction on Lai1xSrxCoOs3 (0 < x < 0.8)
electrodes in 1 M KOH at 25°C

Electrode Tafel slope Order E/mV at j (MA cm?) at
(b) (p) j (MA cm) E/mV
(mV/decade) 10 100 700 800
LaCoO3 69 ~2.3 874 1110 0.9 3.9
Lao.sSro.2Co03 86 ~1.4 776 902 2.2 15.1
Lao.4Sro.6C003 71 ~1.2 728 857 54 37.6
Lao.2Sro.sCo03 52 ~1.2 642 711 81.8 261.8

750.0 mV
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Figure 6. Tafel plots for oxygen evolution on Ni/Lao.2Sro.sCoOs at varying KOH concentrations (n =
1.5) at 25 °C.
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Figure 7. Plot of log j vs log [OH] for Ni/Lai1-xSrxCoOs (0 < x < 0.8) electrodes at 700 mV

The order of oxygen evolution reaction with each oxide electrode was determined by recording
the anodic polarization curve in different KOH concentrations at 25 °C. In order to maintain the electrical
intensity uniform, the ionic strength of each solution was kept constant. The polarization curve of
electrocatalysts in varying KOH concentrations was observed to similar. A representative curve for

Ni/Lao.2Sro.8sC00Qs3 is shown in the Fig. 6.

Table 3. Comparison with reported perovskite-type oxides for oxygen evolution reaction

Electrocatalysts  Electrolyte  Tafel Slope E/mV (vs Preparation Ref.
(mV/decade) Hg/HQgO) at method
j =100 mA cm™
La0.7Sro.3C003 1 M KOH 70 677 PAA sol-gel [29]
La0.8Sro.2Mn0Os 1 M KOH 108 816 MA sol-gel [31]
La0.6Sro.4MnOs 1 M KOH 108 822 CA sol-gel [32]
La0.6Sro.4MnOs 1 M KOH 103 828 PAA sol-gel [33]
Lao.7Sro.sMnOs 1 M KOH 92 780 CA-EDA sol-gel [36]
La0.7Sro.3Co03 1M KOH 64 671 Precipitation [37]
method
La0.2Sro.sCo03 1M KOH 70 686 CA sol-gel [40]
Lao0.6Cu0.4C00s3 1 M KOH 90 734 MA sol-gel [41]
Lao7SroasMnOs 1 M LiOH ~2mAcm2at  Auto combustion  [53]
750 mV
Lao2SrosMnOs 6 M KOH 152 mAcm?2at  Sol-gel method [54]
700 mV
Lao.2SrosC003 1M KOH 52 711 PVP sol-gel Present

work
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From the polarization curve, the current density (in A cm?) data was collected at a certain
potential. A plot log j vs. log [OH™], as shown in the Fig. 7, was constructed for each oxide electrode at
a constant potential of E = 700 mV. The slope of straight line, so obtained, determines the order of
reaction and values are given in Table 2. The fractional order of reaction obtained with each
electrocatalyst is very common and it has already been reported in literature [50-52]. The observed
values of Tafel slope and reaction order as given in Table 2 suggest that the OER taking place at the
electrocatalysts follows different mechanistic path. The electrocatalytic activity of the most active oxide
electrode, Lao.2Sro.sCo00Qs, of the present study has been compared with perovskite oxides obtained by
other methods and data summarized are shown in Table 3. On comparison at current density of 100 mA
cm?, the oxide prepared by PVP sol-gel route produced lower potential over most of the oxides. Only
oxides obtained by PAA, CA sol-gel and precipitation methods showed better electrocatalytic activity
than PVP sol-gel method. Also, the Tafel slope value was found to be lowest with the oxide electrode
of present study.

3.2.3. Thermodynamic Parameters

The effect of temperature on OER has also been studied with each oxide electrodes in 1M KOH.
A set four polarization curves at 20, 30, 40, and 50 °C obtained with Lao.2SrosCoOs is shown in Fig. 8.
During the experiment, the temperature of the reference electrode was kept constant.
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Figure 8. Tafel plots for the Lao.2Sro.sC0Os film electrode on Ni at different temperatures in 1 M KOH,
a:20°C, b:30°C, c¢:40°C, d:50°C

The standard apparent enthalpy of activation (AHe*) was estimated from the slope of Arrhenius
plot, log j vs 1/T (Fig. 9), constructed at a certain potential (E = 650 mV).

The standard enthalpy of activation (AH*¥) and standard entropy of activation (AS°¥) were
calculated by using following relations (1) and (2) [55], respectively,

AHe® = AH* —aFn ... (1)

AS™* =2.3R[log j + AHer™* /2.3RT — log (nFwCot )] ...(2)
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Figure 9. The Arrhenius plot at a constant applied potential (650 mV) for La1xSrxCoO3 (0 <x <0.8) in
1 M KOH

In equation (1), a (= 2.303RT/bF) is the transfer coefficient, where R, F and T are the gas
constant, Faraday constant and absolute temperature, respectively. ‘b’ is the Tafel slope (in mV decade’
1Y determined from the polarization curve recorded at different temperature. The overpotential () is
determined by the relation n = E - Eo2/on™, where E and Eoz2/on™ (= 0.303 V vs. Hg/HgO) are the applied
potential [56] across the catalyst/ 1 M KOH interface and the theoretical equilibrium Nernst potential in
1 M KOH at 25 °C, respectively. In equation (2), all the terms have their usual meaning. The frequency
term @ (= ksT/h) where, ks and h are the Boltamann constant and Plank’s constant, respectively.
Estimated values of all the thermodynamic parameters are given in the Table 3. As expected, the AHer™*
value was found to be minimum (46.5* kJ mol™) with most active electrode, Lao2Sro.sCoOs. However,
for other electrodes, value of AHei"* was observed to similar. The value of AS°* was found to highly
negative which suggests the adsorption phenomena in the oxygen evolution reaction.

Table 4. Thermodynamic parameters for Oz evolution on Ni/La1-xSrxCoOs (0 <x <0.8) in 1 M KOH.

Electrode AHer* (kJ mol™) at - AS°* o AH*

E = 650 mV (Jdeg™ mol™?) (kJ mol?)
LaCoOs 65.0 139.1 0.8 91.8
La0.8Sro.2C003 65.0 140.2 0.7 88.5
La0.4Sro.6C003 66.4 111.7 0.7 89.8
Lao2Sro.sCo03 46.5 168.3 0.6 66.6

4. CONCLUSION

In this paper, we have demonstrated the electrocatalytic properties of Sr-substituted lanthanum
cobaltate in alkaline solution. The XRD data revealed the formation of almost pure perovskite phase of
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the material with hexagonal crystal geometry. Substitution of Sr for La strongly affected the texture as
well as electrocatalytic activity of the oxides. At E = 800 mV, the oxide, Lao.2SrosCoOs, produced
current density j = 261.8 mA cm2, while LaCoOs produced only j = 3.9 mA cm. So, the electrocatalytic
activity of Lao.2Sro.sCoOs is about 65 times higher than the base oxide. The activation energy value and
morphology also authenticated the better electrocatalytic property of 0.8 mol Sr-substituted oxide.
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