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Fig. 1—XRD powder patterns of (a) LaMnO;, and (b)

Ly sSry sMnOs.
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Fig. 2—Cyclic voltammograms of (a) LaMnO; and (b)
Ly sSrosMnO; films at 0.02 V 5™ in IM KOH (25°C).

compartment Pyrex glass cell using electrochemical
impedance system (model 273A, EG & G PARC,
U.S.A)); the softwares used were M388 Electro-
chemical Impedance, M270/250 Research Electro-
chemistry, and M352 Corrosion measurement &
analysis. The reference and auxiliary electrodes used
were Hg/HgO/IM KOH (E"=0.098 V vs NHE) and
pure Pt-foil (~8 cm’), respectively. All potential val-
ues in the text are given with respect to the reference,
Ig/HgO only. Electrochemical impedance spectra of
oxide-film electrodes in /M KOH were determined
over the frequency range 0.02 -10°Hz at a given DC
potential. The double layer capacitance (Cy) and other
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Table 1—Unit cell parameters of some perovskite (hexagonal)

oxides
Oxide alA /A SIA
LaMnQO, 5.505 13.310 ~575
L&;_;Sr{,“‘MnO] 5.450 13.300 ~579
LagsSr; sMnO;4 5.47 13.310 ~744

circuit parameters were analysed using the Equivalent
circuit program due to Bernard A. Boukamp'”.

The procedure adopted in other electrochemical
measurements, namely, CV and anodic Tafel polari-
zation, were similar to those given slsewhere'’. The
iR-free anodic Tafel polarization curves (where R is
the resistance of the electrolyte between the reference
and the oxide film including the resistance of the lat-
ter) were recorded at a slow scan rate (0.0002 V s")
using the Tafel technique provided in the corrosion
software. For iR compensation current was inter-
rupted at every 10 s during the polarization. The geo-
metrical area of the oxide electrode used in the elec-
trochemical investigation was 0.5 cm”.

Results and Discussion

XRD

The XRD powder patterns of Lu.SryMnO; with
x=0, 0.3, 0.5 sintered at 700°C for 5h were recorded
between 20=0 and 20=280°. Two representative XRD
spectra, for the base and 0.5 mol Sr-substituted oxide,
are shown in Fig 1. Figure 1 shows that this method
produces almost pure LaMnQO,;. However, Sr-
substituted manganites showed two weak additional
reflections one at 20=36.11 and d=2.4853 and the
other at 20=44.615 and ¢=2.0293. These weak re-
flections can be ascribed to the formation of small
amount of La(OH); (d=2.4915; JCPDS file No. 38-
1481) and La,Os (d=2.019; JCPDS file No. 40-1279)
as impurities. The crystallite of each oxide follows
more or less the hexagonal crystal geometry. The unit
cell dimensions @ and ¢ were estimated using
o=P=90° and y=120° and a=b #c. Values of a and
¢, thus calculated (Table 1) agree well with those re-
ported for LaMnQ; (¢=5.523 and ¢=13.324; JCPDS-
ICDD file No. 32-484). Table 1 shows that Sr-
substitution slightly reduces the a-value, while c-
value appears to be unaffected. Values of the crystal
size (§) (Table 1) enhanced with 0.5 mol Sr-substi-
tution. § was estimated using the Scherrer formula
described elsewhere®™?,
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Fig. 3—Complex impedance plots for the LaMnO; electrode over the frequency range: 0.02-10° Hz in
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Fig. S—Bode's plol for the LaMnO; electrode in IM KOH at E=0.05 V (25°C).

Cyclic voltammetry (CV)

Cyclic voltammograms of La; Sr,MnO, (0<x<
0.5) film on Ni in 1M KOH were almost similar. The
two representative CV curves, one for the base and
the other for (.5 mol Sr-substituted oxide are shown
in Fig 2. Each curve exhibited an anodic (E;,=0.492
£0.017 V) and a corresponding cathodic (E,.=0.418
+0.009 V) peak. However, cyclic voltammetry of
similar films on Pt under identical experimental con-
ditions did not indicate any redox peak between 0 V
and a potential (~0.6 V) corresponding to the oxygen
evolution peak. This shows that the La Sr;MnO;
films do not undergo any electrochemical oxida-
tion/reduction reaction before the onset of Os evolu-
tion reaction. Similar results were also found for the
same oxide prepared by malic acid" and citric acid"”
sol-gel routes. The observed redox peaks in the case
of film on Ni have been originated from the Ni-
support, details of which have already been given
elsewhere' ™

Electrochemical impedance spectroscopy (EIS)/
roughness factor (Ry)

The feature of the complex impedance plane plots
tor the oxide with 0<x<0.5 was almost similar. Two
representative complex plane diagrams, one for the
base oxide (LaMnQ3) and the other for LagsSry sMnQOs,

at 0.05 V in 1M KOH are shown in Figs 3 and 4.
These figures show the solution resistance (Ks) in a
serial connection with three time constants. The first
constant at high frequencies results from dielectric
relaxation in the oxide material. The second time con-
stant at intermediate frequencies can be caused due to
the charge (possibly H'/OH') transfer processes at the
surface of the oxide film. However, the third time
constant observed at low frequencies indicates the
establishment of the charge (OH/H) transport proc-
ess into the oxide film through defects and pores.

El spectra were analyzed with the equivalent cir-
cuit shown in Fig 5. This equivalent circuit model
with circuit description code (CDC): Rg(RQ)(R2Q:)
(C(R3(W))) gave reasonably good fit to the experi-
mental impedance spectra obtained for the oxide with
0<x<0.3 only. A set of the experimental and the
simulated impedance spectra obtained in the case of
LaMnO; is shown in Fig. 5, where R, R,, Ry, Q) Qa,
W, and C are resistance of the bulk oxide, charge
transfer resistance, pore’s resistance, constant phase
element (CPE) at high frequencies, CPE at intermedi-
ate frequencies, Warburg impedance, and the double
layer capacitance of the anode films respectively. EI
spectra for the oxide with x=04 and (.5 can be best
explained by considering the equivalent circuit (C.D:
LRs(R Q) (RQ:)(C(R5(W))) shown in Fig.6. A set of
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Table 2—Value of the circuit parameters estimated by using Rs(R;Q (R:Q: M C(R(W))) and LRs(R,Q)(R,Q:)(C(RIW ))) equivalent circuit models to
approximate experimental impedance diagrams lor oxide electrode in 1M KOH w 25°C

Electrode Oxide Rs R Qx10° 1, RaxI10* Q;x 10 na Cx10* R.x10* wx 10} Ry
loading  (Ohm)  (Ohm) {mho) (Hrtz)  (Ohm) {mho) (Hrtz) (Farad) (Ohm) {mho)
(mg em™)
LaMnOy 125206 =2 6.1+£04 2444028 -~07 59+0.0 1324004 -0.6 7T47+1.13 447+032 650+1.39 =125
L oSty ;MnO, 13.5+¢05 -3 S0+1.0 0794019 ~09 48+04 10401 ~0.7 3271052 7.01£0.56 403£057 =55
Lag sSr:Mn0, 140+05 -2 44402 1269403 ~06 32401 L0902 -07 436102 2674104 647+035 =73
Ly 1Sr; :MnOy 16£0.2 -2 47403 1.6640.25 ~08 7.0+03 1.6920.05 ~06 1081+0.15539£035 920503 ~180
Latg pSr MOy 158£03 ~3 0.6+03 35174038 ~09 404102 LI12002 -07 48+£0.014 450x0.06 6.60+0.23 ~80
Lay 585 sMnQOy 165202 -3 761001 163.75£7.25 =06 032002 0.0620 -1 1185+ 1.1 002001 0010 =198
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Fig. 6—Bode's plot for the Lag sSrg sMnO; electrode in 1M KOH at E = 0.05V (25°C).

experimental and the simulated spectra for
LagsSrsMnO; at 0.05 V in 1M KOH is shown n Fig. 6.
The value of L (inductance, Henri) was in the order of
107 H. The source of this inductive element is un-
clear™.

Estimates of Cy and other circuit parameters are
given in Table 2. The relative oxide roughness (Rg)
values were estimated from the ratio of the estimated
Cy of the oxide and the Cy of the smooth oxide sur-
face. The value of 60 u F cm™ is usually taken for the
capacitance of the smooth oxide surface™*, Table 2
shows that the effect of the Sr-substitution on the ox-
ide roughness is complex one. With the increase in
Sr-concentration, the Rg value initially decreases by
approximately 50% and then increases and becomes
higher than that of the base oxide at x=0.3 mol. The

Ry value obtained for La, SryMnO; in situ were
similar to those for the same oxide (Rg=72-106) pre-
pared by malic acid aided route"”, However, they were
considerably low compared to those obtained for the
same oxides (Rp=483—1767) prepared by citric acid
precursor route’”. It is noteworthy that in previous
papers' ™", the approximate Cy of the oxide/1M KOH
solution interface was estimated from the intercept of
log |Z| vs log w curve on the log |Z] axis (i.e. y-axis)
at w = |, which is true only when the curve is linear
with the slope —1.

Electrocatalytic activity

Electrocatalytic activities of the oxide catalysts to-
wards the OER were determined by recording the E vs
logi curve (Fig.7) in IM KOH (25°C) at 0.0002 V's’!
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Table 3—Electrode kinetic parameters for OER on La; ,St,MnO; in IM KOH at 25°C
I/mA ¢m™ at EIV
Electrode b (V decade™) Order(p) _ 0.75 . 0.80
i i\ x10° e 2
LaMnO; 0.135+0.008 0.8 13.8+1.8 10.40 214126 0.17
Ly oSty ;MnOj; 0.108 1.0 32.6 59.27 599 1.09
Lagy ySr :MnQOy 0,107 £0.003 0.8 323428 44.25 59+7.5 0.81
Ly 781y :MnO; 0.092 £0.002 1.0 67.7+4.1 37.61 106.1 £8.9 (.59
Lagy ¢Sr).4sMnO; 0.101 0.8 364122 47.89 66.8+5.1 (.88
Lty sSry sMnO; 0.106 £0.001 0.8 559144 28.23 104132 0.53
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Fig. 7—iR-free Tafel plots on Lua;Sr,MnO; films on Ni in 1M
KOH at 25°C: (a) x=0., (b) x=0.1, (¢) x=0.3, (d) x=04, and
(e) x=0.5.

under the anodic condition. Values of the Tafel slope
(b) observed at low overpotentials and of the current
density (i) at two potentials, 0.75 and 0.8 V are given
in Table 3. To determine the order for the OER, the E
vs log i curves were also determined on each oxide
electrode at varying KOH concentrations keeping the
ionic strength constant ((L=1.5). With the aid of these
polarization curves log i vs log Cyy- linear plot was
constructed at a constant potential (Fig. 8) and the
order was then estimated by measuring the slope of
this linear curve (Table 3). i was maintained using
KNO; (AR BDH) as an inert electrolyte.

The nature of the anodic polarization curves shown
in Fig. 7, the value of initial Tafel slope (b), and the
reaction order (p) shown in Table 3, indicate that the
OER follows more or less similar mechanistic paths
on each catalyst regardless of its nature, The order of
OE with respect to OH concentration was approxi-
mately unity with each oxide catalyst. With the ex-
ception of 0.3 mol Sr-substituted lanthanum mangan-
ite (b=3 RT/2F), all other electrodes had bh-values
close 1o 2RT/F, Sr-substitution for lanthanum in the

perovskite lattice increased the apparent electrocata-
Iytic activity (i,) of the oxide. However, increase was
greatest with 0.3 mol Sr-substituted oxide. The im-
provement in the electrocatalytic activity of the oxide
due to introduction of Sr in the oxide matrix may be
caused due to the reduction in the Tafel slopes
(Fig. 7).

It was observed that the apparent catalytic activities
of oxides prepared in situ, were not significantly dif-
ferent from those of corresponding oxides prepared by
sol-gel routes involving malic acid" and citric acid-
ethylene glycol” precursors. As for example, at
ipp= 100 mA em™ in IM KOH at 25°C, the observed
oxygen overpotential (ng,) values were -0.539,
~0.519, and ~0.516 V on Lag¢Sry4Mn0O; prepared by
citric acid (the present), citric acid-ethylene glycol"
and malic acid" precursor methods. However, the
apparent electrocatalytic activities of  manganites
synthesized by these sol-gel routes were significantly
higher than those obtained by conventional ceramic
methods™*’. Bockris and Otagawa™ found the oxygen
evolution current densities 4.3, 1.0 and 10 mA cm”
respectively  for massive LaMnO; (Rp=670),
LagoSry iMnOs (Re= 140) and LaggSroaMnOs (Re= 1200)
electrodes at Ne, =0.597 V in IM NaOH at 25°C. At
the same overpotential and for similar electrodes i.e.
LageSry MnOs, LaggSr;-MnOs and Lag sSrpsMnOy in
IM KOH at 25°C Matsumoto and Sato” observed the
current densities 0.67, 3.5 and 4.0 mA cm”~, respec-
tively. Thus, the result demonstrates that the sol-gel
routes impart greater activity to lanthanum mangan-
ites compared to conventional methods.

The influence of the temperature on OER has been
investigated in the range 25-65°C: results followed
the Arrhenius law satisfactorily. Values of the appar-
ent electrochemical activation energy (AH,") esti-
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Table 4 — Values of activation parameters for OE on manganites in |1M KOH

AHA" /kJ mol™! at

Electrode a E=0.64V AH™ /%3 mol” -AS™/ 1 deg'mol”!
LaMnO; 0.476 50.1 76.4 212.1
Lay ySry MnO, 0.486 46.8 732 216.6
Ly gSrg2MnO, 0.543 54.6 89.4 186.6
Lay 7Sy sMnOy 0.531 45.2 79.1 211.5
LI.I.”_,,SrulanO] 0.548 48.3 85.8 192.5
Ly 5Sry sMnO; 0.521 47.1 79.0 2134
-1.0 S o [ i T S S, S tion energy at the reversible potential (or at 1,=0.0
V) (AH™), as estimated using the relation (AH."'=
12 AH4" + oFE), ranged between ~ 73 and ~ 89 kJ mol ™.
The entropy of activation (AS™) for OE on each cata-
~hAE lyst was found to be highly negative. This suggests
T g the role of adsorption phenomenon in the electro-
SRR chemical formation of oxygen. The AS" values were
g » estimated using the relation™,
7 AS"=23R [log i+AH" /2.3 RT—log (nFaCoy-)]
-2.0} i k1 )
where, 0 (=kyT/h) is the frequency term and n=2. All
-2z the other terms appeared in equation (1) have their
usual meanings. The AS™ values estimated at different
~2.4 . ¥ - 1
R “BBe - =k 88 = o temperatures and at three constant potentials chosen

log([OH 1/M)

Fig. 8—Plots of log i vs log [OH] at a constant potential
(E=0.64 V) across the oxide/KOH solution interface at 25°C: (a)
LHMHO_\. {b) L&}_}Sfﬂ_]MﬂO‘. and (C} Lim_ssru_jMan.

mated from the slope of the linear log i vs /T plots
were observed to decrease linearly with increasing
potential or overpotential across the oxide/1M KOH.
[t was found that with the increase in temperature the
b-value increased, while that of the charge transfer
coefficient (w=2.3RT/bF) slightly decreased. These
results are in fact in accordance with the principle of
the clectrode kinetics. A careful perusal of results
shown in Table 4 shows that Sr-substitution slightly
increased the o value for the OER, however, its aver-
age value for each catalyst was close to 0.5. Sr-
substitution slightly decreased the AH,™ value, the
decrease being maximum with 0.3 mol Sr. The de-
crease in the AHN"“ value indicates some modification
in the electronic properties of the materials in favour
of clectrocatalysis. The Ach““ values for OE on dif-
ferent electrocatalysts ranged between ~45 and ~54
kJ mol”" and that the apparent clectrochemical activa-

in the potential region, 0.62 — 0.65 V, were approxi-
mately constant and that their average values are
given in Table 4.

As the observed electrode kinetic parameters,
namely the Tafel slope and the reaction order for
electrocatalysis of O, evolution on manganites pre-
pared by us did not show any controversy against
their values already reported for similar oxides ob-
tained by other methods, they could be explained by
considering a mechanism similar to that already pro-
posed in the literature'***".

It can be concluded that the method used in the
oxide preparation influences the oxide roughness
greatly. The Sr-substitution (0.1-0.5 mol) in the man-
ganile matrix enhanced both the apparent as well as
intrinsic  electrocatalytic activity of oxide signifi-
cantly. Based on the apparent electrocatalytic scale,
Lay7Srg3MnO;y has been found to be the best electro-
catalyst among the manganites prepared for the in-
vestigation.
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