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A series of samples of overall composition HoBaCo, ,Fe,Os.s with 0.0 <x < 0.8 were prepared by
glycerin nitrate technique in air and in pure oxygen. Irrespective of atmosphere used the homogeneity
range of single phase iron substituted holmium barium cobaltate was proved to exist within the range
0.0 < x < 0.4. All samples prepared in air and samples within the compositional range 0.2 <x < 0.4
obtained in oxygen possess tetragonal a, x a, x 2a, (sp. gr. P4/mmm) structure. HoBaCo,0s.5 and
HoBaCo, oFe.10s.5 synthesized in oxygen crystallized in orthorhombic a, x 2a, x 2a, (sp. gr. Pmmm)
structure. The structural parameters were refined by the Rietveld analysis. It was shown that parameter
a remains practically constant while parameter c gradually increases with the increase of iron content.
The changes of oxygen content in HoBaCo,_,FexOs.5 (x = 0, 0.2, 0.4) were measured by TGA within the
temperature range 25-1100 °C in air. The absolute value of oxygen content was determined by the
reduction of the samples in hydrogen flow. The influence of oxygen and iron content on the crystal
structure has been discussed. The chemical stability of HoBaCo,_FexOs.s in contact with the solid
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electrolyte materials CeggSmg 0, and Zrggs5Yo.150, was examined.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Layered perovskite-type phases LnBaCo,0s.s (Ln =Pr-Ho, Y)
attract intent attention of investigators as promising materials for
different electrochemical applications, such as electrodes for the
high temperature and intermediate temperature fuel cells and
oxygen-conducting membranes [1-5].

The crystal structure and various physicochemical properties of
undoped rare earth barium cobaltates LnBaCo,0s5.s (Ln = Pr-Ho)
were intensively studied during the last decade [6-14]. The unit
cell of the double perovskite LnBaCo,0s.s in contrast to the
ordinary one ABOs3 has doubled along the c-axis due to the ordered
location of Ln and Ba cations [6,7]. Depending on oxygen content
two types of Co coordination can appear: either square pyramid
CoOs or octahedron CoOg. When oxygen content in the oxide
became equal to 5.5 an alternation of pyramids and octahedrons
along the b-axis takes place, which is equivalent to ordering of
oxygen vacancies and leads to the doubling of b parameter of the
unit cell [6]. Thus variations of synthesis procedure or annealing
conditions (temperature and oxygen partial pressure) of the
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double perovskites LnBaCo,0s.5 can result in the formation of
either tetragonal P4/mmm (a, x a, x 2ap) or orthorhombic Pmmm
(ap x 2a, x2a,) structure, where a,: is the unit cell parameter of
ideal perovskite.

General disadvantage of cobaltates while using as the cathodes
for the solid oxide fuel cells is their high chemical activity toward
the materials of solid electrolytes. A well known approach that is
often used in order to increase the stability of materials is doping.
One can expect that iron substitution LnBaCo,_xFexOs.s (Ln = Pr—
Ho) will increase chemical stability of rare earth barium cobaltates
[14-16]. However the information about the formation and
properties of Fe-containing solid solution based on the HoBa-
C0,0s.5 is absent.

Therefore the aims of the present work are: (i) synthesis of the
HoBaCo,_Fe,Os.s solid solutions and determination of their
homogeneity range; (ii) determination of crystal structure of the
single phase solid solutions; (iii) determination of oxygen content
as a function of temperature and (iv) evaluation of chemical
stability of substituted samples in respect to the CeggSmg >0, and
Zro.85Y0.1502, often used as solid electrolytes materials in the fuel
cells.

2. Experimental

Synthesis of the samples for investigation was performed using
glycerin nitrate technology. Holmium oxide Ho,05 with the purity
not less than 99.99%, barium carbonate BaCOs; (special purity
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grade), metallic cobalt and iron oxalate FeC,04 x 2H,0 (pure for
analysis grade), nitric acid and glycerin both pure for analysis
grade were used as starting materials. Metallic cobalt was obtained
by the reduction of Co304 (pure for analysis grade) in the hydrogen
flow at 500-600 °C.

According to the glycerin—nitrate technique required amounts
of starting materials were dissolved in the 4.5 M nitric acid while
heating, then glycerin was added in amount equivalent to a
complete reduction of nitrate groups. Obtained solution was dried
to a viscous gel that further transformed to a brown powder. Solid
residual was heated in steps within the temperature range 500-
900 °C. After that obtained powders were pressed into pellets and
finally annealed during 48 hat 1100 °Cin air and in the flow of pure
oxygen with intermediate grindings with following slow cooling to
room temperature at the rate of about 100°/h.

The samples of solid electrolyte materials CeggSmg,0, and
Zros5Y0.1502 were obtained by glycerin nitrate technique and co-
precipitation method respectively. The former was prepared using
the procedure similar to described above using Ce(COs), x 2H,0
and Sm,0s3 as starting materials. In order to prepare ZrggsYo 1502
required amounts of Zr(OH),CO3 x H,0 u Y,03 were dissolved in
nitric acid while heating, then aqueous solution of NH,OH was
added as precipitating agent. Resulting amorphous precipitate was
thoroughly washed by water, dried at 100 °C during 6 h and finally
annealed at 700 °C during 10 h.

Phase identification was made by XRD analysis (DRON-6
diffractometer, Cu-Ko radiation, angle range 26 =10-100°, step
0.02°, 10 s/step). The unit cell parameters were calculated using
“CelRef 4.0” program and refined using full profile Rietveld
analysis [17,18].

The changes of oxygen content in HoBaCo,_,Fe,Os.s were
measured by thermogravimetric analysis (TGA) within the
temperature range 25 <T,°C <1100 in air using simultaneous
thermal analyzer STA 409 PC Luxx, Netzsch. The measurements
were performed with the cooling/heating rate equal to 0.5°/min.
The absolute oxygen content in the samples was determined using
a direct reduction of the samples in the TG cell by hydrogen (10%
H>-90% Ar) assuming Ho,03, BaO and metallic Co and Fe as final
products.

Chemical stability of the HoBaCo,_ ,Fe,Os.s relative to the
electrolyte materials CepgSmg20, and ZrpgsYo.1502 has been
checked within the temperature range 900-1100°C, by means of
annealing of the corresponding mixtures with 1:1 weight ratio
during 24 h in air with following XRD analysis.

3. Results and discussion

In order to determine the homogeneity range of iron
substituted holmium barium cobaltate a series of samples with
overall composition HoBaCo,_,Fe,Os.s within 0.0 < x < 0.8 in step
x=0.1 was prepared in air (Po, = 0.21atm) and in pure oxygen
(Po, = 1.0atm). According to the results of XRD analysis single
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Fig. 1. Rietveld refinement profile of HoBaCo,0s.s. The circles and upper continuous
plot correspond to the experimental data points and calculated profile, respectively.
The lower line is the difference plot.

phase samples were formed within the range 0.0 <X <04
irrespective of atmosphere used.

X-ray diffraction pattern obtained for the undoped
HoBaCo,0s.s, prepared in air, was indexed in tetragonal structure
(ap x ap x 2ap), sp. gr. P4/mmm, with the unit cell parameters
a=b=3.876 A, c=7.490A, that is in a good agreement with
previously reported [6-8,19]. Fig. 1 illustrates X-ray diffraction
pattern for HoBaCo,0s.s refined by the Rietveld analysis. All iron
substituted single phase holmium barium cobaltates
HoBaCo,_xFeyOs.5 (0.0 < X < 0.4) obtained in air possess tetrago-
nal a, x ap x 2a, (sp. gr. P4/mmm) structure similar to undoped
oxide. The structural parameters for all single phase solid solutions
HoBaCo,_xFexOs.s were also refined by the Rietveld method
(Table 1). Fig. 2 shows that parameter a remains practically
constant while parameter ¢ gradually increases with the increase
of iron content. Such behavior can be explained size factor since the
ionic radius of iron is larger than ionic radius of cobalt
(re>*=0.785 A; reo>" =0.75 A, both for C.N.=6) [20]. However
the difference in the 3d cation sizes should influence both a and ¢
parameters. Another probable reason of such behavior linked with
the peculiarity of oxygen vacancies location in the structure of
double perovskites LnBaCo,0s.s. It is well recognized that oxygen
vacancies are not randomly distributed in the lattice, but located in
the Ln-0O planes [6]. As it will be shown below, the substitution of
Coions by Fe leads to the increase of oxygen content and as a result
has move apart the layers along c-axis while the value of a
parameter remains practically unchanged.

Fig. 3 represents the results of XRD measurements of slowly
cooled single phase HoBaCo,_4Fe,Os.5 (0.0 < X < 0.4) prepared in
pure oxygen. The splitting of peaks at the angles 22.7° and 46.6° on
X-ray diffraction patterns of HoBaCo,0s.s5 and HoBaCo; gFeq 10s.s

The structural parameters and R-factors refined by the Rietveld method of the single phase HoBaCo, yFe Os.s (0.0 <x <0.4) solid solutions prepared in air.

P4/mmm space group, Ho (0.5, 0.5, 0), Ba (0.5, 0.5, 0.5), Co/Fe (0, 0, z), 01 (0, 0, 0), 02 (0, 0, 0.5), 03 (0, 0.5, z)

P 0 0.1 0.2
a, A 3.876(1) 3.874(1) 3.875(1)
¢ A 7.490(1) 7.490(1) 7.496(1)
v, A3 112.59 (2) 112.44(2) 112.56(2)
z (CofFe) 0.242 (2) 0.243(2) 0.243(1)
z(03) 0.201(2) 0.198(2) 0.199(3)
Rer 6.76% 6.01% 7.71%

Re 6.93% 6.06% 7.39%

Rp 14.7% 10.2% 12.8%

0.3 0.4
3.877(1) 3.875(1)
7.507(1) 7.528(1)

112.85 (2) 113.06(2)
0.243(2) 0.244(2)
0.194(2) 0.199(2)
7.66% 5.43%
7.26% 6.58%

11.0% 11.7%
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Fig. 2. The unit cell parameters for the HoBaCo,_xFe,Os.s versus composition of the
solid solution.

(see insert in the Fig. 3) proved the formation of orthorhombic
structure (a, x 2a, x 2a,) with the sp. gr. Pmmm. The samples with
x=0.2, 0.3 and 0.4 obtained in pure oxygen crystallized in
tetragonal cell a, x a, x 2a, (sp. gr. P4/mmm) similar to those
prepared in air (Fig. 3). The structural parameters refined by
Rietveld analysis for the HoBaCo,_,Fe,0s.s synthesized in oxygen
are listed in Table 2.

The results of TGA measurements for the HoBaCo,_xFexOs.s
with x=0, 0.2 and 0.4 versus temperature in air are shown in
Fig. 4. It can be seen that oxygen exchange between the solid and
gaseous phases has started at about 300°C. An introduction of
iron into the holmium barium cobaltate increases the oxygen
content. These can be explained by the fact that iron as more
electropositive cation in comparison to cobalt (xge=1.64;
Xco=1.7 in the Allred and Rochow scale [21]), acts partially or
completely as an electron donor impurity Fe%, and therefore

Table 2
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Fig. 3. X-ray diffraction profiles of the HoBaCo,_yFe,Os.s, prepared in oxygen. The
inserts show an absence (upper line) and appearance (lower line) of splitting of the
peaks at ~22.7° and 46.6°.

hampers oxygen release process. Similar behavior was observed
in the ordinary perovskite systems Ln;_yMe,Co, ,Fe,O3 ;s
(Me = alkali earth metals) [22,23].

Taking into account that the value of oxygen content in the
undoped HoBaCo,0s.5 at room temperature in the air is equal to
5.38 one can expect that it has to increase toward 5.5 in pure
oxygen. For example, the value of oxygen content in the
HoBaCo,0s.s, prepared in oxygen, was reported to be equal to
5.5 [6] and 5.511 [10]. As it was reported earlier [6] the
orthorhombic structure (a, x 2a, x 2a,) with b parameter
doubling takes place when oxygen index tends to a value 5.5,
however the range of oxygen content that corresponds to
orthorhombic structure can vary with the rare earth nature [7].
The situation became more complicated in the Fe-doped

The structural parameters and R-factors refined by the Rietveld method of the single phase HoBaCo,_xFe,Os.s (0.0 <x <0.4) solid solutions prepared in oxygen.

Orthorhombic cell, Pmmm space group, Ho (0.5, y,0.5), Ba (0.5, y,0), Co/Fe1 (0, 0.5, z), Co/Fe2 (0, 0, z),01 (0, 0, 0), 02 (0,
0.5, 0), 03 (0, 0.5, 0.5), 04 (0, 0, 0.5), 05 (0.5, 0, z), 06 (0.5, 0.5, z), 07 (0, y, z)

0.1
3.850(1)
7.815(1)
7.513(1)

226.04(2)
0.248(2)
0.266(1)
0.251(1)
0.247(2)
0.205(3)
0.206(3)
0.212(2)
0.206(1)
5.8%
5.9%

11.2%

Tetragonal cell, P4/mmm space group, Ho (0.5, 0.5, 0), Ba (0.5, 0.5, 0.5), Co/Fe (0, 0, z), 01 (0, 0, 0), 02 (0, 0, 0.5), O3 (0,

X 0
a, A 3.855(1)
b, A 7.806(1)
¢ A 7.503(1)
v, A3 225.80(2)
y (Ho) 0.244(2)
y (Ba) 0.266(1)
z (Co/Fe)1 0.249(1)
z (Co/Fe)2 0.247(2)
z (05) 0.189(3)
z (06) 0.211(3)
y (07) 0.203(2)
z(07) 0.228(1)
Rg: 9.7%
Re 10.9%
Rp 11.0%
0.5, 2)
X 0.2
a, A 3.872 (1)
¢, A 7.514 (1)
v, A3 112.67 (2)
z (Co[Fe) 0.250(2)
z(03) 0.204(2)
Rer 6.22%
Re 5.37%

Ry 9.3%

0.3 0.4
3.874 (1) 3.872 (1)
7.525 (1) 7.528 (1)
112.92 (2) 112.85 (2)
0.249(2) 0.242(2)
0.204(2) 0.197(2)
6.68% 5.67%
5.56% 7.86%
8.3% 10.9%
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Fig. 5. XRD patterns of the HoBaCo,  Fe,Os.s samples in contact with the
Zro.85Y0.1502 and CepgSmg >0, fired at 900 °C.

samples. Since Fe ions act as electron donor impurity Fe, while
cobalt electron acceptor centers Co'CO the distribution of oxygen
vacancies Vg will be influenced by 3d ions sublattice. One can
expect that while Fe/Co ratio is far from 1/1, but large enough to
become sensitive, a random distribution of Feg, ions will act as
disordering agent for the oxygen vacancies V. This could be the
reason that HoBaCo, gFeg 405 45 obtained in air has remained the
tetragonal (a, x a, x 2a,) structure. The samples with x =0.2,0.3
and 0.4 obtained in pure oxygen crystallized in the tetragonal
cell a, x a, x 2a, due to the mentioned above reason and also
because of increase of the oxygen content.

According to the results of XRD the samples HoBaCo,_yFexOs.s
with x > 0.5 were multiphase. The samples with x =0.5-0.8 in
step 0.1 annealed in air and with x=0.5 and 0.6 prepared in
oxygen contained besides the saturated solid solution with
approximate composition HoBaCo,gFep405.5 two additional
phases: HoFeOs_s and BaCoOs_gs, or solid solutions based on
these phases. The samples with x=0.7 and 0.8 fired in oxygen
consisted of saturated HoBaCo;gFeg 40s5.5, HoFeOs_g or solid
solution based on it and additional unknown phase with the cubic
structure.

Chemical compatibility of the HoBaCo;gFeg10s5.+s and
HoBaCo, 7Fep 30545 with the solid electrolyte materials has been
checked in air within the temperature range 900-1100 °C. It was
found that HoBaCo,_4Fe,Os.s interacts with the ZrggsYo.150, even
at 900 °C forming BaZrOs, HoCo;_.Fe,O3 and CoO as the products.
Since barium zirconate reveals low conductivity HoBaCo,_yFe,Os.s
cannot be recommended as electrode materials in the contact with
YSZ electrolyte.

In contrast HoBaCo, gFeg10s.5 and HoBaCo,Fep30s.5 were
chemically stable in contact with CepgSmg,0, at 900°C and
1000°C. However anneals at 1100 °C show beginning of chemical
interaction between HoBaCo, Fe,Os.s and CeggSmg,0,. Fig. 5
illustrates the results of XRD patterns of the HoBaCo,_,Fe,Os.s and
electrolyte materials mixtures annealed at 900 °C as an example.

4. Conclusion

XRD analysis shows that homogeneity range of
HoBaCo,_,Fe,Os.s solid solution has not exceeded the value
X = 0.4 either in air or in pure oxygen, with accuracy in x value 0.1.
Substitution of Co by Fe influences both the value of oxygen
content and crystal structure of the HoBaCo,  FeyOs.s. It was
shown that HoBaCo,_Fe,Os.s solid solutions are chemically stable
in the contact with Ceg gSmg >0, at 900 °C and 1000 °C, but interact
with Zr0'85Y0']502 even at 900 °C.
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