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LaNiOs, Lai1xSrxCo03, LaixSrxMnQs are a few examples of the perovskite-type oxides
that hold great potential to be used as catalysts in numerous technologically significant
processes such as the electrocatalysis of the oxygen evolution reaction ', CO and
hydrocarbons oxidation and the nitrogen oxides reduction °. Keeping this in mind, the
present study brings up the synthesis of Strontium based Samarium Perovskite manganites
(Sm1-xSrxMnO3 (0 < x < 0.8)) by a sol-gel low-temperature technique using malic
acid. The physicochemical characterization of the synthesized electrocatalyst is done by
using Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) technique.
Furthermore, the electrocatalytic analysis towards water electrolysis were done by
performing cyclic voltammetry between 0 and 0.7 V & Tafel experiments. Apart from this
the perovskites have been also analysed for their kinetic and thermodynamic parameters.
Among the prepared oxide catalysts, SmoeSr04sMnOs; was found to be most
electrocatalytically active with a current density of 126.6mA/cm? at 800mV and a Tafel
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slope of 112 mV decade™.

1. INTRODUCTION

Fossil fuels are becoming harder to come by, and people
are becoming more aware of the environmental and
geopolitical issues that come with their use, which has spurred
significant work on the generation of innovative energy
storage and conversion systems using materials that are
affordable, abundant, and environmentally safe. Higher power
and more energy-efficient storage devices, such as low-
temperature fuel cells and rechargeable metal-air batteries that
runs on electrocatalysis, have become the centre of attraction
in the field of renewable energy. Both, the oxygen reduction
(O, +4H" + 4e— 2H,0; oxygen reduction reaction; ORR) and
the water electrolysis (2H.O — O, + 4H'+ 4e7; oxygen
evolution reaction; OER) are the fundamental techniques for
generating green energy, but because of their sluggish kinetics,
they require an appropriate electrocatalyst. Another challenge
is that the efficient electrocatalysts for water splitting are
economically unfavoured and comprised of rare noble metals,
so not only the cost friendly but also more lucrative
approaches are required for the encountering the efficient
electrocatalysts based on earth abundant elements only.

The previous reports ¢ also describes a technique for
differential design of metal oxide as a electrocatalysts for the
OER. It came up with the catalysts which was non-noble
metals-based perovskite structure and that have a much better
efficiency than the states of-the-art catalysts, iridium oxide.
Furthermore, S. K. Tiwari et al. 7 synthesized Sr-substituted
lanthanum cobaltates and reported that it has much more
electrocatalytic efficiency than those previously prepared by
conventional ceramic or thermal decomposition methods 12,
In addition to this they also reported the high
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electrochemically active surface area of the oxide (specially of
Lap,Sro3Co0s3) with the same oxide obtained by nitrate
decomposition 7. These results promoted us to test the
electrocatalytic activity of such type of perovskite oxides
prepared by a low-temperature sol-gel route.

This paper focuses the synthesis and physicochemical
characterization of Perovskite Oxide (Sm;xSrxMnO3) using
malic acid sol get route as an active electrocatalyst for water
electrolysis.

2. EXPERIMENTAL

Perovskite-type oxides Sm;.«SrxMnOs (0 < x < 0.8) were
synthesised by low temperature sol gel route as reported by
Teraoka et al. '*. Stoichiometric amount of Sm(NQ3);.6H,0
(Merck  99.9%),  Sr(NOs3),  (Merck  39.5-43.5%),
Mn(CH3C0O0),.4H,0O (Merck 99.5%) and the malic acid in
excess amount were dissolved in 500 ml distilled water. The
ammonia solution was added dropwise in above solution in
order to maintain the pH. The mixture so obtained was heated
over a water bath at 70°C until a gel like mass was obtained
which was further decomposed and crushed into fine powder
in agate pastel mortar. The powder so obtained was purified
by sintering at 650°C for 5h to get the desired oxide material.

The crystal structure of the synthesized oxide was
determined by using X-ray diffractometer provided with
radiation source Cu-Ko (A = 1.54056 A). The Scanning
Electron Microscope (SEM) was used to determine the
morphology of the oxide powder.

The Perovskite oxides were studied for their oxygen
evolution behaviour in alkaline medium in the form of film
electrode prepared by oxide slurry painting technique on Ni-
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support '4. The potentiostat/galvanostat electrochemical

system consisting of corrosion and electrochemical analytical
software (Gamry Reference 600 ZRA) was used to perform
Cyclic Voltammetry (CV) and Tafel experiments in a single
compartment three-electrode glass cell. The oxide film
electrode, Hg/HgO /1M KOH and Pt-foil were used as
working, reference and auxiliary electrodes respectively. The
electrical contact between the reference electrode and the
electrolyte was made via a Luggin capillary (KCl/Agar-Agar
salt bridge) to minimize the solution resistance (iR drop).

3. RESULT AND DISCUSSION
3.1 Physicochemical Characterization

3.1.1 Scanning Electron Micrograph (SEM)

Fig. 1 represents the SE-micrograph of pure and Sr-
Substituted Samarium Manganite powder sintered at 650°C
for Shrs. Morphological structure of oxide powders appeared
to be similar with each oxide. A crust like structure has been
observed in the micrograph.

o 4<%
N

Stmo.2SrosMnO; (pH=3.5)

Figure 1: SE Micrographs of oxide powder sintered at
650°C for 5 hrs

3.1.2 X-ray diffraction

Crystal structure of Samarium Strontium Manganese
oxides was investigated by X-ray diffraction (Fig. 2) by
Panalytical X-pert 3 powder diffractometer with step size
0.013° and time per step 29s using Cu-K,=1.5405A. The
obtained XRD patterns are the same which are associated to
those in COD ID 1006169. The results of powder XRD
analysis of the materials showed that it has a Monoclinic
crystal structure of space group P 21/a. The quality factors of
the refinement are in acceptable range with y? value 2.4352 for
Smyg 6Sro4MnOs. The x-ray diffraction patterns of the samples
were refined using Rietveld method to calculate accurate unit
cell dimensions as given in Table 1. The Scherer’s formula
[15],

092
~ BCos 6

was used to calculate the crystallite size of the material, where
A is the wavelength of Cu-Ka radiation source, B is the full
width at half maximum of peak (FWHM) and 6 is the
diffraction angle and values are given in Table 1. The refined
plot and the crystal structure obtained by using vesta software
is shown in fig. 3.

at pH=3.5
— Smg ¢Sr, ,MnO,
— Sm ¢Sry ,MNO,
—— Smyg ,Sr, nO
,é‘ 02570 sMNO;
0n
c
3
i
1 1 1
20 40 60
20 /degree

Figure 2: XRD powder patterns Sintered at 650°C for Sh
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Figure 3 The profile plot and the crystal structure of
Smo 6Sr0.4MnO;
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Table 1 Lattice parameters for oxide powder sintered at

650°C for 5h
Perovskite a b ¢ vV ~ Crl)f:tal-
eH=35 &) &) @& @A *P 7 e

Smo.6Sro4MnOs3 5.48 7.68 5.45 229.60 90° 90.35° 19.8
SmosSro2MnO3 5.41 7.45 5.55 227.40 90° 90.35° 51.1

Smo2SrosMnOs3 5.42 736 5.19 22392 90° 90.35°  42.6

3.2 Electrochemical Characterization
3.2.1 Cyclic Voltammetry (CV)

The cyclic voltammogram of each oxide film electrode on
Ni was recorded in the potential 0.0 - 0.7 V at the scan rate of
20 mV sec! in 1 M KOH at 25°C to know their redox
behaviour Fig. 4 (A & B). Each voltammogram was observed
to similar in nature. Each voltammogram consists of pair of
peaks i.e. anodic (up) and cathodic (down), just prior to the
oxygen evolution. The value of redox peaks is almost similar
to the redox couple of the Ni '6. Thus, in the case of oxide film
electrode, these peaks were originated due to the redox
reaction at Ni-support in contact with electrolyte '# through
cracks, pores, intercrystalline gaps formed in the catalytic film.
Also, the oxides prepared at low temperatures have a
hydrophilic character and quickly hydrate in aqueous
solutions, soaking the entire film thickness. '°. However, the
stability of the film electrode is not affected from this
behaviour of the catalyst. From each voltammogram, the
values of cyclic voltammetric parameters such as the anodic
and cathodic peak potential (Ep, and Ep. respectively), the peak
separation potential (AE) and the formal redox potential (E®)
were calculated for the surface redox reaction and are given in
Table 2. From the data obtained it can be clearly observed that
on increasing the scan rates the anodic and cathodic peak
shifted towards higher current values. Apart from this the ratio
of anodic and cathodic peak current was found to be 2. This
indicates that redox process is irreversible !> '8,

Table 2 Values of the cyclic voltammetric parameters on
Sm;«SryMnO3 (0 <x <0.8) in 1 M KOH at 25°C (scan
rate =20 mVsec™)

Electrode Epy/ | Erd/m|AE,/m (EPiEzpc)/Z
mV \ v (mV)
SmMnOs (pH = 3.0) 506 | 358 | 148 432
SmMnOs (pH = 3.5) 538 | 353 | 185 445
SmMnOs (pH = 4.0) 500 | 357 | 143 428
SmMnOs (pH = 4.5) 479 | 359 | 120 419
Smo.sSr0.2MnOs (pH = 3.5) 517 | 329 188 423
Smo.6Sr0.4MnOs (pH = 3.5) 542 | 316 | 226 429
Smo2Sr0.sMnOs (pH = 3.5) 528 | 317 | 211 423
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Figure 4 (A): Cyclic voltammograms of SmMnOj3 film
electrode at different pH on Ni at 20 mV/sec scan rate in | M
KOH (25°C). (B) Cyclic voltammogram of pure and Sr-
substituted manganite (pH = 3.5) film electrode on Ni at 20
mV/sec scan rate in IM KOH (25°C)

The variation of anodic current, cathodic current and
voltammetric charge has also been studied with each oxide
electrode. The values of | Jjp | vs square root of scan rate was
plotted for each oxide electrode and are shown in Fig. 5 (A).
From the figure, it is clear that the anodic and cathodic peak
current density is linearity varied with square root of scan. The
plot of voltammetric charge (q) vs scan rate'? was also
constructed for each oxide electrode and shown in Fig. 5 (B).
The straight line obtained indicates that the surface redox
behaviour is diffusion controlled °.
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Figure 5 (A): Plot of | jp | vs (scan rate)"? for the oxide film
electrodes on Ni in 1M KOH at (25°C)
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Figure 5 (B): Plot of q vs (scan rate) ™ for the oxide film
electrodes on Ni in IM KOH at (25°C)

3.2.2 Electrocatalytic activity

The electrocatalytic activity of the oxide film electrode
towards OER was determined by recording the Tafel curves
(E vs log j) at 0.2 mVsec™! (a slow scan rate) in 1 M KOH at
25°C. The Tafel polarization curves, so obtained, are shown in
the Fig. 6 (A). Nature of the polarization curve with each oxide
electrode was similar irrespective of the preparation pH and
metal ion substitution in the base oxide. The values of Tafel
slopes (b), current density (j) at different potentials as well as
potential at constant current densities were estimated from the
polarization curve and values are given in the Table 3.

The order of OER with respect to OH™ ion concentration
was determined by recording Tafel polarization curves at
different KOH concentrations (0.25-1.5 M KOH). The ionic
strength of the medium was maintained at 1.5 by using an inert
electrolyte KNOs. Polarization curve for SmMnO; (pH = 3.5)
& SmySr94MnOs (pH = 3.5) oxide electrodes are shown in
Fig. 6 (B) & (C), respectively.

With a constant applied voltage, the value of current
density was measured for each oxide catalyst at each
concentration with the help of following relation:

n=a=xblogj 3.1

where 1 is overpotential and j is current density. ‘a’ is
constant and equals to b log jo. ‘b’ is another constant term
known as Tafel slope given by relation:

dn

= 3.2
d(log )T.p,u (3.2)

here T, P and p are absolute temperature, pressure and ionic
strength. The positive and negative sign shows the anodic and
cathodic reaction, respectively. Because the second Tafel
region was less defined due to increased polarisation at higher
potential, the first linear Tafel region of the polarisation curve
was typically taken into consideration for this reason. From the
data, plot of log j vs. log [OH"] was constructed at a constant
potential E =700 mV and is shown in the Fig. 6 (D). The value
of reaction order (p) was estimated measuring the slope of plot
of log j vs log [OH] and given in the Table 3.

3.2.3 Thermodynamic Parameters

On each oxide electrode, the impact of temperature on OER
has also been investigated. Anodic polarisation curves in | M
KOH at various temperatures were acquired for the purpose.
The polarization curves, so obtained are shown in Fig. 7 (A)
& (B). The reference electrode's temperature was kept
constant throughout the experiment.

(SCAN RATE)"? (mV)"(sec)"”
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Table 3: Electrode kinetic parameters for oxygen evolution
reaction on Sm;xSrxMnO3 (0 <x <0.8) in 1 M KOH at 25°C

Tafel E/mV atj (mA | j(mA cm?) at
Electrode slope / cm?) E/mV

mvd! 10 | 100 | 700 | 800
(ngf;g; 116 858 | 1075 | 09 | 42
(S;?{I\f;?; 107 797 | 1046 | 24 | 104
(5;1{1\2(3)3 88 924 | 1151 ] 04 | 23
(Spmﬂl\ffgj 123 890 | 1119 07 | 32
sﬁi;ssrganO“ 98 678 | 833 | 156| 714
Slr?i;ssr;“MnO“ 12 655 | 782 | 262 1266
Sﬁigssr;‘gMnO“ 108 684 | 820 | 153 | 794

The slope of the Arrhenius plot, log j versus 1/T [Fig. 7
(C)] determined at a specific potential (E =700 mV), was used
to estimate the standard apparent enthalpy of activation
(AH}). The value of AH, varies with potential and found that
the value decreases with increasing the potential [Fig. 7 (D)].
The standard enthalpy of activation (AH™) and standard
entropy of activation (AS°¥) were calculated by using
following relations (4.1) and (4.2), respectively %2,

AHJ} = AH** — aFn 4.1)

AS*=23R [logj+ AH. /2.3RT - log (nFewCon™)] (4.2)

In equation 4.1, ‘o’ is the transfer coefficient given by
2.303RT/bF, where R, F and T are the gas constant, Faraday
constant and absolute temperature, respectively. ‘b’ is the
Tafel slope (in mV decade™!) determined from the polarization
curve recorded at different temperature. ) is the overpotential
(n=E — Eoyon’, where E and Eo,on- (= 0.303 V vs. Hg/HgO)
[21] 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). The terms in equation (4.2)
have their usual meaning comprising the frequency term o (=
ksT/h) where, kg and h are the Boltzmann constant and
Planck’s constant, respectively. All the calculated
thermodynamic parameters are given in the Table 4.1. The
most active electrode, SmgsSro.MnOs (pH = 3.5) was found
to have lowest AH.} value (24.1kJ mol™'). While, it found
maximum with SmMnOs (pH = 4.0).

From the table 4.2, the decrease in standard electrochemical
energy of activation (AH.% ) can be observed clearly with rise
in applied potential. The decrease in AH_} is also predicted as
per equation (4.1) and previous literature 2% 2!,
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Figure 6(A): Anodic polarization curve for the pure and Sr-
substituted samarium manganite film electrodes on Ni in 1M
KOH (25°C); scan rate: 0.2mVsec™! (B) Anodic polarization
curve for the SmMnOjs (pH = 3.5) oxide film electrodes on
Ni at different KOH concentrations (u = 1.5) at 25°C (C)
Anodic polarization curve for Smy ¢Sro4sMnOs (pH = 3.5)
oxide film electrodes on Ni at different KOH concentrations
(u=1.5)at 25°C (D) Plot of log j vs log [OH"] for Ni/Sm;.
SrxMnO; (0 <x <0.8) electrodes at 700 mV.
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The value of AS™* was found to highly negative which
suggests the adsorption phenomena in the oxygen evolution
reaction.

Table 4.1 Thermodynamic parameters for O, evolution on
Sm;xSrxMnO3 (0 <x <0.8) in 1 M KOH (at E = 700 mV)

AHG
(kJmol ) | - AS°* AR
Electrode at Jdeg! | @ (kJ mol )
E=700 | mol?)
mV
SmMnOs (pH = 3.0) 48.4 189.9 0.7 76.0
SmMnO;s (pH = 3.5) 38.8 2207 | 0.7 | 66.1
SmMnOs (pH = 4.0) 65.7 1378 | 06| 89.8
SmosSro2MnOs3 (pH=3.5)| 24.1 239.5 0.9 60.1
Smo.6Sro.4aMnOs3 (pH =3.5)| 36.4 196.3 0.9 68.9
Smo2Sro.sMnOs3 (pH =3.5)| 44.0 182.0 | 0.7 71.9

Table 4.2: Thermodynamic parameters for O, evolution on
Smo 6S104MnO3 in 1 M KOH at different potentials (¢=0.86)

Potential AHG (:]?iioi AH*

E (mV) (kJ mol) molﬁ) (kJ mol")
625 70.3 102.5 96.9
650 57.4 138.0 86.2
675 38.3 194.8 69.2
700 31.9 210.6 64.9
725 28.7 217.7 63.7

4. CONCLUSION

The study has exposed the synthesis of Samarium substituted
strontium manganites (Sm;SryMnO3; (0 < x < 0.8), a
perovskite oxide by sol-gel route using malic acid and tested
for its electrochemical behaviour towards oxygen evolution
reaction. The cyclic voltammetry and the Tafel experiments
performed for the same reveals the effect of substitution of
strontium by samarium in the lattice of the strontium
manganites. The optimum improvement in the Tafel slope
value has been seen in the highly substituted strontium
manganite i.e., SmogSrooMnO; (pH = 3.5) while the highest
current density value (126.6 mA cm?) at 800 mV was
observed in the case of Smg¢Sro4MnO;. Apart from this the
synthesised perovskite oxide are also analysed for their
thermodynamic and kinetic parameters for oxygen evolution
reaction.
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