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The influence of partial substituton of Y** with Ca** in YCo,Fe, O, perovskite on the crystallochemical and
electrocatalytic properties is presented. The perovskites YCo, ;Fe, O, and Y ,Ca,,Co, Fe, O, ; were synthesized by
solution combustion method with citric acid as a fuel. The obtained perovskites were analyzed with powder XRD and
cyclic voltammetry. The crystal structures of both compounds were determined by Rietveld refinement method. The
XRD patterns showed that both perovskites are orthorhombic and crystallize in space group Pnma. In aim to obtain
a clearer picture for the influence of substitution of Y*"ion with Ca?" ion on the structural characteristics, the lattice
parameters and distances and angles were used to calculate several crystallochemical parameters such as, cell distor-
tion, orthorhombic distortion, bond and angle deformation, the tilting angles, bond valences, and global instability
index. It was found that the distortion indices and tilting angles are lower for Y, ,Ca, ,Co, ;Fe, O, ;in comparison with
YCo, ;Fe, ;O, indicating more stable structure. Taking into consideration the possible application of these compounds
as catalysts in direct methanol fuel cells, their catalytic properties towards oxidation of methanol in basic solutions
were studied by cyclic voltammetry. The electrocatalytic activity towards oxidation of chloride ions and oxidation of
H,O, in phosphate buffer were also investigated.
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INTRODUCTION

The perovskite-type oxides (ABO,) have at-
tracted great scientific attention due to number of
specific and important physical and chemical prop-
erties. Among the numerous different perovskites,
rare-earth cobalt containing perovskites (LnCoO;;
Ln =Y or lanthanide) are of prominent scientific in-
terest since they exhibit interesting properties such
as high electronic conductivity, metal to insulator
transition with increasing temperature, significant
catalytic activity, specific magnetic properties, etc.
[1-5]. Their properties are tightly connected with
some characteristics of cobalt ions such as the possi-
bility to change the oxidation state (Co*", Co*", Co*")
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and also the possibility of altering the spin state of
the Co** ion. Thus, it was found that in LnCoO; per-
ovskites, Co**ion could undergo temperature driven
spin-state changes from non-magnetic low-spin
(#5,) to paramagnetic intermediate-spin (¢3,e,) and
finally to paramagnetic high-spin state (¢3,¢?), or it
could exist in mixed spin state [6—9]. The interme-
diate-spin state Co’* ion in LnCoO; is Jahn-Teller
active, which is associated with distortion of the
CoO, octahedra.

Another well investigated and from applicative
point of view the most promising cobalt-containing
perovskites, are the systems of general formula
Ln,_ M CoO,. In these perovskites, the partial sub-
stitution of rare-earth elements with divalent cations
leads to formation of Co*" ions or oxygen deficien-
cies [10-13]. A typical example is Y,,Sr,,CoO, ;
which could be prepared as A-site ordered or dis-
ordered structure. The A-site ordering leads also
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to oxygen vacancies ordering (and vice versa),
which is connected with modifications of the elec-
tronic phases and ferromagnetic transitions [11].
It has been recognized that the physical properties
of ABO;-perovskites are largely dependent on the
oxygen deficiency [11].The mixed conductivity can
be enhanced through the substitution of La*" by Sr**
at A-sites and the substitution of B-cation by other
transition metal. The charge imbalance and overall
charge neutrality can be maintained by the presence
of charged oxygen vacancies and mixed valence
state ions at the B sites. These point defects are the
origin of the mixed electronic and oxygen ion con-
ductivity [11].

Perovskites with partial substitution of Co*" have
also been investigated. Thus, Co*" ions could be
partially substituted by Ni [14], by Mn [15] or by
Cr**, which was also a subject of our previous in-
vestigations [16—-20]. It was found that the magnetic
and electrical properties of this type of complex per-
ovskites depends on the spin state of the Co*" ion
[14, 15, 21] and the cation—anion—cation overlap
[14, 15,18, 21].

However, the literature data for substituti both in
A- and B-sites in Co-containing perovskites are very
rare. Therefore, following the trend of investigation
of different cobalt containing perovskite compounds,
in this work YCo, .Fe O, and Y ,Ca,,Co, ;Fe, O, ;
were synthesized. The main aim of this work was to
compare the crystallochemical and catalytic proper-
ties of these perovskites and the influence of aliova-
lent substitution in A-position.

EXPERIMENTAL

The studied perovskites (YCo,.Fe,,O, and
Y,:Ca,,Co,Fe, O, ;) were synthesized by solution
combustion method using citric acid as a fuel. The
quantity of the fuel was calculated according to the
fuel -to -oxidizer ratio, which was set to 1 in order to
obtain the highest possible temperature during the
reaction. The starting solutions were prepared by
dissolving the nitrate salts of constituent metal ions
in small quantity of distilled water and the dissolved
citric acid was slowly added to this solution. The pH
of the reaction solution was adjusted to 7 with ad-
dition of NH,OH. The reaction mixture was placed
on magnetic stirrer and it was heated at 80 C until
the evaporation of water. Then the glass baker was
transferred on hot plate preheated at ~350 °C when
vigorous reaction took place resulting in formation
of black spongy powders. The obtained powders
were additionally heated for 4 h at 800 °C. In aim
to remove the possible impurities and to improve
the crystallinity, the resulting powders were washed
with diluted HCI and heated at 6 h at 950 °C.
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The characterization and structural investigation
of the obtained powders were analyzed by powder
X-ray diffraction. The XRD patterns were recorded
at room temperature on Bruker D8 Advance with
CuKa radiation and Sol-X detector within the range
10-120° 26 with step-scanning of 0.02°. The crystal
structures were refined by the method of Rietveld
[22] using the Fullprof program [23].

The electrocatalytic properties of YCo,Fe, O,
and Y,,Ca,,Co,;Fe O, ; perovskites were investi-
gated using cyclic voltammetry. The investigations
were performed on pAUTOLAB, model III. The
cyclic voltammograms were recorded on a specially
designed parafine impregnated graphite electrode
(PIGE) [24]. The electrochemical cell consisted of
three electrodes: PIGE as a working electrode, Ag/
AgCl (sat. KCl) as reference electrode, and a plati-
num wire as auxiliary electrode. The microcrystals
of YCo,;Fe,,O, and Y, ,Ca,,Co,.Fe,O,; were
deposited on the surface of PIGE by abrasion. The
electrochemical activity was investigated at room
temperature, in aqueous solutions of different elec-
trolytes: LiCl, KCI, NaCl, (CH,),NCI (all with con-
centrations 0.5 mol/dm?), HCI (0.3 mol/dm?), KOH
(0.1 and 1 mol/dm?), phosphate buffer (pH = 7.35)
and buffer in which H,0, (10" — 10* mol/dm?) was
added. In aim to investigate the possible application
of these compounds as catalysts in direct methanol
fuel cells (DMFC), the electrocatalytic activity in
basic solutions of 1 mol/dm? methanol was studied.

RESULTS AND DISCUSSION

Crystal structure

The XRD patterns of the synthesized com-
pounds were completely indexed in orthorhombic
Pnma space group. Their purity and the crystallin-
ity were improved by subsequent additional heating
(Fig. 1).

The results of crystal structure refinements by
Rietveld method of the studied perovskites are
presented in Table 1 and selected distances and
angles are given in Table 2. Both compounds crys-
tallize in Pnma space group with Z = 4. The unit
cell parameters and fractional atomic coordinates
of Y,:Ca,,Co,.Fe, O, ; are close to the values of
YCo, ;Fe, ,O;.

The relationships between the unit cell param-
eters in both compounds are ¢ > ¢ and a > b2 > ¢,
which is typical for O-type perovskites, where the
main reason for the deformation of the structure, in
comparison with the ideal one, is the tilting of the
octahedra. As it is well known, the ideal perovskite
structure is cubic (Pm3m) in which the B-cations
are surrounded by six anions arranged in corner-
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Fig. 1. Powder XRD patterns of: a) as-synthesized YCo, ;Fe, ;O;; b) YCo, ;Fe, O, heated 4h at 800 °C; c¢) YCo, ;Fe, ,O,
heated 6h at 950 °C; d) Y,,Ca,,Co, sFe, ;O,_; heated 4h at 800 °C and e) Y, ,Ca,,Co, Fe,O,_; heated 6 h at 950 °C

Table 1. Unit cell parameters, fractional atomic
coordinates and discrepancy factors of the synthesized
perovskites

sharing octahedral geometry. This arrangement
forms cubooctahedral cavity in which the A-cation
is placed [25]. The ideal cubic perovskite structure
is not very common and most of the perovskites are

Atoms  Par. YCoyFe 0, YoiCay,Co, 5Fey0;, of lower symmetry due to the mismatch of the ionic
JA 5.5087(2) 5.49338(13) radii ratio with the one in the ideal perovskite struc-
b/A 7.4807(3) 7.47863(17)
/A 5.2133(2) 5.22684(13)
Y/Ca  x 0.06816(14) 0.06591(15) Ta(})gr ZéSelgctedFdlstgnces and angles for YCo, .Fe, O,
z 0.9829(3) 0.9842(3) NG X o5-892-005 €055
B 0.47(3) 0.45(3)
YCoysFe ;05 Yo5Ca,CoysFes0;
CofFe B 0.19(4) 0.51(4) "
ol x 0.4663(9) 0.4674(9) Y-ou §§Zé ;ggg
z 0.0999(9) 0.1008(10) 300 3108
B 1.18(1 1.95(1 ' '
8(16) 95(16) 2.246 2.236
0z« 0.3041(7) 0.3010(8) Y-02Ax2 2466 2.463
y 0.0539(5) 0.0537(6) 5266 5575
z 0.6959(8) 0.6978(8) 310 3160
B 0.85(14) 1.29(13) 3 626 i
R, R 15.1 18.8 B-O1/A x2 1.9502 1.9507
R, 10.9 12.3 B-02/A x2 2.003 1.991
R, 9.95 10.65 1.960 1.962
Vet 1.21 1.33 B-0O1-B/° 146.06 146.85
Ry: 2.83 431 B-02-B/°x2  146.27 147.06
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Table 3. Some crystallochemical parameters of the
studied compounds

Crystall.

pgam. YCo,sFe,s0; Y Ca,,Co,sFe ;05
Aq 4.014 4.042
4., 30.64 29.31
yip 0.135 0.074

K 0.055 0.050

d 5.503 4.564
dist,, 0.041 0.037
o/° 16.47 16.57
o/° 12.21 11.66
@/° 20.40 20.17
BV(Y/Ca) 3.05 3.144/2.431
BV(Co) 2.438 2.456
BV(Fe) 3.39 3.415
GII 0.205 0.178

ture. The distortion of the ideal perovskite structure
is manifested by (1) tilting of the BO, octahedra;
(2) deformation of the BO, octahedra and (3) dis-
placement of the B-cation from the center of the oc-
tahedra [25]. As was previously mentioned, in the
investigated compounds, the tilting of the octahedra
distorts the ideal cubic structure to orthorhombic
one. Furthermore, considering the ionic radii of cal-
cium and yttrium ions, which are close to each other
((Y*) = 1.109 A and r(Ca*) = 1.12 A), it would
be expected that both compounds will give simi-
lar value for the pseudo-cubic unit cell calculated
as a, = (V/2)'"? [25]. Thus, a, for YCo,Fe,O; is
3.7729 and for Y, ,Ca,,Co, ;Fe, O, ;is 3.7723.

In order to estimate the influence of the partial
substitution of Y with Ca ions on the stability of
the perovskite structure, some important crystallo-
graphic parameters were calculated (Table 3). Some
of these parameters were calculated using the cell
parameters, such as: spontaneous strain (s) [26], unit
cell distortion (d) [27] and orthorhombic distortion
(dist,,,) [28]. The values of these three parameters
show that there is some strain and distortion in the
unit cells in both investigated structures. However,
the obtained values for Y ,Ca,,Co,.Fe, O, ; are
lower, indicating less distortion in its structure.

According to the values of Y-O distances the co-
ordination number of yttrium in these perovskites is
8. This could be also concluded taking into consid-
eration the calculated deformation indices [29] for
the coordination polyhedron of the A-cation, which
are significantly lower for coordination number of 8
in comparison with one of coordination number of
12. The B-O distances show deformed octahedral
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coordination but the values of the deformation indi-
ces of the octahedra (A,) indicates that the insertion
of calcium ion in the position of Y** leads towards
more regular octahedron (Table 3).

As previously mentioned both perovskites are
of O-type, pointing out to the tilting of the octahe-
dra as main reason for deviation of ideal perovskite
structure. Therefore, the tilt angles of the octahedra
were calculated on the basis of the displacement
of the fractional atomic coordinates of the anions
from the positions in the ideal cubic structure [25].
It was found that the calculated tilt angles (6, ¢, @)
in Y, Ca,,Co,Fe, 0O, ; are similar (but lower) with
the ones obtained for YCo, .Fe, ;O,. Finally in aim to
obtain clearer comparison between the general sta-
bility of the investigated compound, the global in-
stability index (G/I) was calculated [30] taking into
account the bond valences model [31]. The obtained
value for Y, ,Ca,,Co,Fe, O, ; is significantly low-
er than that for YCo, ;Fe, ,O,, which means that the
partial substitution of Y by Ca, leads to perovskite
structure with decreased internal stress.

Electrocatalytic properties

Our previous investigations on electrocatalytic
properties of some perovskites [20] showed that
they can catalyze some redox processes such as
oxidation of chloride ions, hydrogen peroxide and
methanol. Therefore the electrocatalytic properties
of YCo,Fe, O, and Y ,Ca,,Co,.Fe, O, ; were in-
vestigated by applying cyclic voltammetry at PIGE
modified for microcrystals of the perovskite. Firstly,
the electrochemical behavior was investigated in
contact with the aqueous solutions of chloride ions
mentioned in the experimental part. The voltam-
mograms (Fig. 2) were recorded starting from the
potential of —1.0 V in a positive potential direction
up to 1.5 V, with three different electrodes: blank
PIGE electrode, PIGE modified with microcrystals
of YCo,Fe,;O, and PIGE modified with micro-
crystals of Y ,Ca,,Co,.Fe, O, , As can be seen
(Fig. 2), a well defined reduction pick at potentials
around 0.6 V may be noticed obtained with blank,
as well as, with modified PIGE electrode. This re-
duction pick is preceded by strong oxidation current
manifested as an anodic tail on the voltammogram,
because the oxidation current is so intensive that it
is out of the measuring range of the instrument. It
was noticed that if the anodic potential is less than
1.00 V i.e. the value where the oxidation current
starts, then the reduction peak disappears. This re-
sult points out that the reducible reactant is “in situ”
formed during the process of oxidation, which is
represented by the anodic tail in the voltammogram.
Also, the experiments performed with chloride salts
of different cations (K*, Li", Na" or (CH;),N") but
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Fig. 2. Cyclic voltammograms in 0.5 mol/dm?* KCI. 1 — blanc PIGE electrode; 2 — PIGE modified with YCo, .Fe O,

and 3 — PIGE modified with Y ,Ca,,Co,Fe, O, ;

of same concentration, gave the same voltammetric
response, which means that only the chloride anions
are involved in the electrochemical redox reaction.

The analysis of voltammograms clearly shows
shifting of the reduction peaks obtained with the
perovskite-modified PIGEs towards more negative
potentials in comparison with the blank PIGE, due
to the catalytic effect of both of the investigated per-
ovskites. Furthermore, according to the positions
of the reduction peaks, it could be concluded that
Y,Ca,,Co,Fe, O, ; has more pronounced catalyt-
ic properties than YCo, ;Fe, ;O;. Another clue to this
conclusion is the increasing of the cathodic peak
(1,.), which is most intensive in the case of calcium
containing perovskite. These results are confirming
that the oxidized chlorine species are in situ formed
during the anodic process. The oxidation process
of chlorides yields, most probably, atomic chlorine
or some other chlorine containing species that are
adsorbed on the electrode, which afterwards give
raise to the reductive voltammetric peak in the cor-
responding cathodic potential sweep. Thus, because
of the catalytic effect of perovskite-modified PIGE
(especially in the case of Y, ,Ca,,Co, ;Fe, O, ;), the
quantity of the oxidation products increases and as a
consequence the /. also increases.

The electrocatalytic properties of the investi-
gated perovskites were also analyzed for oxidation
of methanol in basic solution (KOH). This reaction

is of special interest since it takes place in so-called
direct methanol fuel cells. In order to investigate the
possible application of the studied perovskites as
catalysts in this type of fuel cells cyclic voltammo-
grams with modified PIGE were recorded (Fig. 3) in
the range of 0.0 to 0.8 V. As electrolyte in these
experiments basic solution (1 mol/dm®* KOH) of
methanol (1 mol/dm?) was used. The comparison of
the obtained voltammograms of the blank and of the
perovskite-modified PIGEs shows clear electrocat-
alytic effect. Thus, when the electrode process (oxi-
dation of methanol) is performed with perovskite-
modified PIGEs, the onset anodic potential is shifted
towards less positive potentials in comparison when
it is performed with blank electrode (see the inset,
Fig. 3). Again, Y,,Ca,,Co,Fe, O, ;showed better
catalytic activity than YCo, ;Fe, ;O,, which could be
also concluded according to the increased /.

Finally, the electrocatalytic activity of
Y,.Ca,,Co, Fe, .0, ; and YCo,.Fe, O, towards
oxidation of H,O, in phosphate buffer (pH =
7.35) was investigated in the range of —1.0 to
1.5 V. For this purpose, firstly cyclic voltammo-
grams of YCo, ,Fe,.O, and Y, ,Ca,,Co,Fe, O, ,
modified PIGE in phosphate buffer were record-
ed. Afterwards, H,0, was added to the solutions
of phosphate buffer and its concentration was
subsequently increased from 1073 to 10! mol/dm?
(Fig. 4a and 4b).
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Fig. 3. Cyclic voltammograms in 1 mol/dm* KOH + 1 mol/dm* CH,OH. 1 —blanc PIGE electrode; 2 — PIGE modified
with YCo, Fe, O, and 3 — PIGE modified with Y,Ca,,Co, ;Fe, ;O,_;. Inset: Enlarged voltammogram of blanc PIGE

electrode

As can be seen, both investigated perovskites
show catalytic activity towards oxidation of H,O, in
phosphate buffer. Again, this can be concluded on
the basis of the onset starting anodic potential when
formation and liberation of O, starts. This potential
is shifted towards less positive potentials when per-
ovskite-modified PIGEs were used in comparison
with blank electrode. Obviously, the Ca-substituted
perovskite shows more pronounce electrocatalytic
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effect than YCo, ,Fe,;O,. The repeated experiments
with different concentrations of H,O, confirmed
this conclusion.

It was previously found that Co-containing
perovskites are very good catalysts for number of
reactions [4]. However, in all three electrolyte so-
lutions Y,,Ca,,Co, Fe O, showed better cata-
lytic activity than YCo,Fe O, The possible ex-
planation for the better electrocatalytic activity of

b)
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Fig. 4. Cyclic voltammograms of a) YCo,Fe, O, and b) Y,,Ca,,Co, Fe, O, ;in: 1 — 0.1 M phosphate buffer; 2 —
phosphate buffer + 10° M H,0,; 3 — phosphate buffer + 102 M H,0,; 4 — phosphate buffer + 10"' M H,0O,. Inset: 1 —
blanc PIGE electrode in phosphate buffer + 10~ M H,0, and 2 — modified PIGE in phosphate buffer + 10 M H,O,
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Y,:Ca,,Co, Fe, O, ; in the investigated electrolyte
systems in comparison with YCo,.Fe,;O,, is con-
nected with the structure of Ca-containing per-
ovskite. Namely, the partial substitution of Y**-ions
with Ca®" ions leads to oxygen vacancies in the
structure. It is supposed that the point defects in the
structure, lead to mixed type of conductivity — elec-
tronic and ionic — of the modified electrode that fa-
cilitates the electrocatalytic process.

CONCLUSION

The perovskites YCo,Fe, O, and
Y,:Ca,,Co,.Fe O, ; were successfully obtained
by solution combustion method using citric acid
as a fuel. The refinement of crystal structure using the
Rietveld method showed that the unit cell parameters
and the fractional atomic coordinates of the two com-
pounds are very similar. Calculated crystallochemi-
cal parameters revealed that insertion of calcium ion
in the position of Y** leads toward smaller deforma-
tion of octahedron. Also, the calculated tilting angles
are a little bit lower for Y ,Ca,,Co,Fe, O, ;. This
distortion of the unit cell (d and dist_,,) is also lower
in Ca-containing perovskite, as well as, the value of
global instability index.

The investigation of the electrocatalytic proper-
ties if the studied compounds with cyclic voltam-
metry revealed that both compounds catalyze the
reaction of oxidation of chloride ions; the oxidation
of methanol in basic solution and the oxidation of
H,O, in phosphate buffer. It was found that in all
three investigated systems, Y,,Ca,,Co,Fe, O, ;
showed better catalytic activity than YCo,Fe, O,.
This could be explained by the formation of oxygen
vacancies in this structure, which probably lead to
mixed type of conductivity (electronic and ionic) of
the modified electrode that facilitates the electro-
catalytic process.
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IIpesncTaBeHO € BIMSHMETO Ha 4acTHYHO 3amecTBaHe Ha Y*' or Ca?” B crpykrypara Ha YCo,Fe,;O; Bbp-
Xy KpHCTaJlOXMMHUYHHMTE U €JICKTPOKaTaIUTHYHU cBoiicTBa. ChbeauHeHusTa ¢ xumuueH cberaB Y Co,Fe) O, u
Y,:Ca,,Co,Fe, O, ; UMaT NEepOBCKUTOBA CTPYKTypa M OsXa MOIYYCHU IO METOJA Ha U3rapsHe OT Pa3TBOp C U3-
MoNI3BaHE Ha TMMOHEHA KHCeIMHa 3a ropuBo. [lomydennte dasu 64xa XapakTepH3UpPaHH ¢ IPaXxoBa PEHTI€HOBA JH-
¢pakuust (XRD) u nukimuna Bontamerpust. KpucranHaTta CTpykTypa U Ha JIBeT€ ChEAMHEHHUs Oellle YTOYHEeHa 110
Mmerona Ha Purseny. [IpaxoBure nudpakTorpaMu 1mokassar, ue JABETE CheMHEHNS KPUCTAIU3UPAT B OPTOPOMONIHA
npocTpaHcTBeHa rpyna Pnma. C 11en fa ce moyyn mo-scHa Mpe/ICcTaBa 3a BIUSHUETO Ha 3aMecTBaHeTo Ha Y3 ot Ca?*
JOHU BBPXY CTPYKTYPHUTE XapaKTCPUCTUKH, [IapAMETPUTE HA CJIIEMEHTapHATa KJICTKA U Pa3CTOSHUATA U BIJIUTEC B
CTPpYKTypara 0s1Xa M3IOI3BAHH 34 U3YHMCIISIBAHE HA HAKOJIKO KpUCTAJIOXUMHUYHU ITapaME€Tbpa KaTo [[e(bOpMaHI/I)I Ha
KJIeTKaTa, OpTOPOMOMYHO M3KpUBsBaHe, Ae(opMalisi Ha IbDKMHATA HAa BPB3KH M ‘BIVIM, HAKIOH Ha OKTae/IpHTE,
CyMa OT BaJICHTHUTC BPBH3KU U riaobajeH HHJICKC Ha HecTtaOuiaHOCT. berie YCTaHOBCHO, Y€ MPECMCTHATUTEC NHACK-
cH Ha JedopMalis M BIIH Ha HAKJIOH MEXTy OoKTaeiapute ca mo-manku 3a Y .Ca ,Co,Fe O, ; B cpaBHeHue ¢
YCo,,Fe,;0,, koero € nokasaren 3a no-crabuina cTpykrypa. Kato ce mma npeasuji Bb3MOXKHOTO IIPUJIaraHe Ha
TE3U CBbECANMHCHU KAaTO KaTaJlu3aTopu B JUPEKTHU TOPUBHU KIICTKH, pa60TemH C MCTAHOJI, TCXHUTC KaTaJIUTUYHHU
CBOJfCTBA 110 OTHOIICHHE HA OKUCIICHHE HA METAHOI B AJIKAJTHH Pa3TBOPHU OsIXa M3yUEHH C I[UKIMYIHA BONTAMETPHS.
beme u3nurana CBhIIO TAXHATA CJICKTPOKATaJIUTUYHATA aKTUBHOCT CIIPAMO OKHUCJICHUE HAa XJIOPHU WOHU U H202 B
pastBopu Ha dochateH Oydep.
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