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Abstract

Nanocrystalline Ba,, ;Sr, sCo, Fe,, ,0; ; powders were prepared by a cost-effective solvent-deficient method
using metal nitrates and ammonium bicarbonate as precursors. X-ray diffraction (XRD), specific surface deter-
mination (BET), thermal analyses (TG-DTA-DSC), dynamic light scattering (DLS) and scanning electron mi-
croscopy (SEM) were used to examine the effects of the calcination temperature on the Ba,, sSr,, sCo, sFe,,0; s
(BSCF) formation. XRD analysis showed that a cubic Ba, sSr,, ;Co, sFe,,0; ; was obtained after heating for
1 h at 1000 °C. BSCF nanocrystals with a diameter of about 25 nm were obtained. On the other hand, the
sample mass was stabilized at 915 °C as recorded by thermogravimetric analysis (TG), indicating a formation
of the complex BSCF oxide already at this temperature. The phase transformations during the synthesis of
BSCF oxide are defined and confirmed with the note on the instability of the cubic phase. Using the four-point
DC measurements between —73 °C and 127 °C, the band gap of 0.84 eV was determined. The solvent-deficient
method used in this study to synthesize Ba, sSr, sCo, Fe, ,0; s showed distinct advantages in comparison with
other synthesis techniques considering simplicity, rapid synthesis, and quality of the produced nanocrystals.
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I. Introduction electrolyte material [1,2].

Currently, two dominant strategies to meet these
requirements are: i) investigation of new chemical
compositions [2] and ii) development or modifica-
tion of preparative routes [3]. Among mixed ionic-
electronic conducting oxides, Ba ;Sr,;Co ;Fe,,0, 4
(BSCF) with a cubic perovskite structure has been
shown to be one of the most promising materials [4].
BSCF is proposed as a new IT-SOFC cathode material
[5,6] and an oxygen permeable membrane material [7].
After the first report by Shao et al. [8], the BSCF ma-
terial was investigated for its preparation, phase struc-

The global demand for cheap, environmentally
friendly and energy-efficient technologies has intensi-
fied research on the intermediate temperature solid ox-
ide fuel cells (IT-SOFC) devices [1]. Cathode materials
aimed for use in IT-SOFCs should possess high oxygen
and electronic transport properties at intermediate tem-
peratures (450-700 °C) and high compatibility with the
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ture, thermal expansion coefficient and performance
[9,10]. The observed BSCF chemical reaction with CO,
[11,12] in the intermediate temperature ranges have lim-
ited the industrial application of BSCF. Regardless of
these limitations, BSCF is still considered an interest-
ing material as further research can enable routes to the
thermochemically more stable materials [13].

Previously, BSCF has been prepared by several
chemical methods including solid-state reaction synthe-
sis [14], EDTA-citric acid complexing method [9], solu-
tion combustion synthesis [15], co-precipitation method
[16], and by microwave-assisted synthesis [17]. Reduc-
ing the BSCF particle size proved to be highly desir-
able due to the good sintering properties and signifi-
cantly enhanced oxygen reduction activity [18]. A re-
cently reported solvent-deficient synthesis method [19]
was used to produce very small (<5nm) metal oxide
nanoparticles such as Al,O;. The developed technique
was reported to be unique in that a traditional solvent
is not employed when mixing the reagents. The result-
ing “solvent-deficient” synthetic environment seems to
cap particle growth, enabling a single procedure to yield
a wide range of metal oxides nanoparticles without the
use of capping agents [20]. During the mechanical mix-
ing of metal nitrates hydrates and ammonium hydrogen
carbonate, a chemical reaction occurs in the developed
semiliquid environment. The ammonium nitrate forms
in this slurry mixture, with partially or fully dissolved
metallic cations. Continuous mixing with mortar and
pestle causes mass transfer and helps to form the final
product faster and easier in comparison with standard
solid-state method where series of milling and heating
steps are sometimes necessary to obtain final oxide in
the single-phase form.

In this study, we investigate the structure and prop-
erties of BSCF nanoparticles produced by the solvent-
deficient method as a function of the calcination tem-
perature. Physicochemical characterizations have been
conducted to verify the feasibility of the present route
for nanocrystalline BSCF synthesis.

II. Experimental procedure

Ba, sSr, sCo, ¢Fe, ,05 s (BSCF) nanocrystals were
synthesized by a cost-effective solvent-deficient method
using: Ba(NO;), (99%; Lachner, Czech Repub-
lic), Sr(NO;), (99+%, Acros, New Jersey, USA),
Co(NO;), -6 H,0 (98.0+102.0%, Carlo Erba Reagenti
SpA), Fe(NO;);-9H,0 (99+%, Lachner, Czech Re-
public) and NH,HCO, (99%, Acros, New Jersey, USA).
All chemicals were used as received without further
purification. Stoichiometrically calculated amounts of
metal nitrates were grounded together with ammonium
bicarbonate for 20 min in mortar. The formed precursor
slurry mixture was later annealed for 1 h at 500, 800 and
1000 °C. Heating was done in VIMS electric furnace at
the rate of 10 °C/min. The final chemical reaction (Eq.
1) might be presented as follows:
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5Ba(NO;), + 5Sr(NO;), + 8 Co(NO,), -6 H,O +
+2Fe(NO;); - 9H,0 + 42NH,HCO; —
10Ba,, sSr,, sCo, sFe,, ,0, +42CO, + 108 H,O +
+42NO, +42NH; + 60, (D

Mixed solid precursors of BSCF, further used for
thermal analysis, were pre-calcined for 1h at 200°C
in air at the rate of 10°C/min. Thermogravimet-
ric/differential thermal analyses (TG/DTA) were carried
out in the flowing air atmosphere (100 ml/min) with
ca. 12mg of the sample and with heating and cool-
ing rates of 10°C/min using EXSTAR TG/DTA6300
(Seiko Instruments Inc., Japan). The differential scan-
ning calorimetry (DSC 404 F3 Pegasus, Netzsch, Selb
Germany) analysis of the BSCF precursor was per-
formed in a pure argon (PanGas, 99.9999% purity).

The phase identification of the samples was con-
ducted with X-ray diffraction (XRD) on a PAN analyti-
cal X’Pert Powder XRD machine with Cu-K monochro-
mator. Measurements were performed in the range from
20° to 100° of 20 with 0.02° increments. The crystal
structure of BSCF sample was obtained by Rietveld re-
finement using the Maud package [21]. The XRD exper-
imental data were refined using lattice constants, zero
offset, scale factors and full-width at half maximum as
variable parameters. The structural parameters of the
BSCF compound were obtained from the fitting results.
The nanocrystalline size of the investigated samples was
estimated using the Scherrer equation.

The particle size was obtained by dynamic light scat-
tering (DLS) using Zetasizer Nano ZS (Malvern, UK).
Before the measurement, samples were dispersed in wa-
ter (dispersing agent) by using the ultrasonic processor
UP200S (Hielscher-Ultrasound Technology) and subse-
quently transferred to the PMMA cuvette for measure-
ment. Due to the unknown refractive index for measured
samples, the reported values in this study are based on
the light intensity and not on volume or numbers of par-
ticles.

Scanning electron microscopy (SEM) micrographs
were recorded using a JOEL JSM-7600F Field Emis-
sion electron microscope. The acceleration voltage was
10kV.

The X-ray photoelectron spectroscopy (XPS) was
recorded on PHI Quantum 2000 (Physical Electronics
Inc., Eden Prairie, MN) using an indium foil as a back-
ground layer and base pressure of 7.8 x 10~° Torr. Both
ionic and electronic neutralizers were running during
the XPS measurements.

The Brunauer-Emmett-Teller (BET) specific surface
area was determined from N, adsorption at —196 °C us-
ing a Quantachrome Autosorb iQ instrument. For these
measurements, each sample was degassed at 200 °C for
~24h to remove adsorbed moisture. The samples were
allowed to equilibrate to room temperature before being
cooled to —196 °C for data collection.
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The powders were calcined at 1000 °C for 1h and
uniaxially pressed in pellets of 12mm diameter and
3 mm thickness. The pellets were pressed with 440 MPa
and then sintered at 1100 °C for 6 h. The density of sin-
tered pellets was measured using standard Archimedes
technique in ethanol using the Mettler-Toledo XS105
dual range balance. The low-temperature four-point DC
measurements were done using Quantum Design Phys-
ical Property Measurement System (PPMS) between
—73 and 127 °C. All measurements were repeated three
times for reproducibility of the results.

III. Results and discussion

As previously mentioned, the mixture of precur-
sors was pre-calcined at 200 °C for 1 h in the air. The
TG/DTA experimental data of the pre-calcined BSCF
precursor heated up to 1000 °C are shown in Figs. 1b
and 1c together with the DSC data shown in Fig. 1a. Pre-
sented experiments revealed several endothermic and
one strong exothermic peak. The complete synthesis
consists out of four steps (A - endothermic weight loss,
B - exothermic weight loss, C - endothermic weight
loss, and D - endothermic weight loss). During the
first step (A) a gradual endothermic weight loss up to
200 °C was observed, which was followed by the sec-
ond step (B), marked by a sizeable exothermic peak and
significant weight loss at 230 °C. Initial reactions dur-
ing the mixing of the precursors at room temperature
most probably included recombination and formation of
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Figure 1. DSC (a), DTA (b) and TG (c) curves of pre-calcined
BSCEF precursor
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NH,NO, together with metallic cations bound in differ-
ent compounds as mentioned in the study of nitrate reac-
tions with ammonium bicarbonate [22]. Presumably, the
intermediate compounds obtained after precursor mix-
ing at room temperature included FeOOH, Co(OH),,
Co,(OH);(NO;) and Co(OH)(NO,)-H,0O, while bar-
ium and strontium intermediate compounds composi-
tions are unclear. During preliminary heating to 200 °C,
all intermediate compounds decomposed forming bar-
ium strontium carbonate and spinel (cobalt iron ox-
ide) that can be represented by chemical Eq. 2. The
TG recorded weight losses of the pre-calcined BSCF
precursor at 200 and 230 °C are found to be 13.7 and
52.4%, respectively.

At temperatures over 500 °C barium strontium car-
bonate and Co-Fe spinel are transformed to finally pro-
duce hexagonal and cubic perovskite structure as pre-
sented in the chemical Eq. 3.

5Ba(NO;), + 5 St(NO;), + 8 Co(NO,), - 6 H,0 +
2Fe(NO,), - 9H,0 + 42 NH,HCO, —

10
10Ba,, 5Sr, sCO; + 3 (Coy 4Fe( 4)C0,0, + 42NH; +

23
+42NO, +32C0, + 108 H,0 + - 0, )

10 10
1OBaO.SSI‘O.SCO,% + ? (C00,4Feo_6)C0204 + ? 02 —_—
10Ba,, 5Sr,, sCo, sFe, ,0, + 10CO, 3)

During the third step (C) an endothermic weight loss
at around 580°C was observed. Finally, at approxi-
mately 915 °C, there was an endothermic mass reduc-
tion (D).

An exothermic decomposition of NH,NO;, started at
a temperature of about 230 °C [23]. The observed shift-
ing of the large exothermic peak in the DTA signal was
probably due to the intense heating of the sample in the
air atmosphere. During the fierce exothermic reaction,
DTA setup was not able to timely equilibrate and correct
the temperature. Additional DSC experiment performed
in a pure argon atmosphere as shown in Fig. 1a did not
show the shifting of the peak, confirming that exother-
mic decomposition of the NH,NO; in the air is very
intense. As intermediate products, confirmed by XRD
analysis (Figs. 2 and 3), there were Ba,, Sr, ;CO; [24]
and Fe-Co spinel [25]. The present Ba,, Sr,, ;CO, phase
was gradually changed from aragonite to metastable
form up to around 580 °C [12]. Around 580 °C, we can
observe the gradual degradation of ar-Ba,, ;Sr, ;CO; and
intermediate Ba, ;Sr, ;Co, ¢Fe, ,0; 5 hexagonal phase
formation. Starting from around 850 °C, there was sub-
stantial weight loss that can be related to the cubic
BSCF phase formation.

Although the formation of cubic perovskite was to
a large extent completed at about 915°C, there was
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a further slight decline in mass. This behaviour could
be a consequence of the oxygen content change in the
BSCEF structure caused by increasing temperature [12],
and hexagonal-cubic BSCF phase equilibrium [11]. The
final overall recorded mass loss was ca. 68%.

The evolution of the phase composition from pre-
cursor into BSCF perovskite-type compounds during
heating was followed by standard XRD measurements
as shown in Fig. 2 and in-situ high-temperature XRD
measurements as shown in Fig. 3. In Fig. 2, the
XRD pattern of the powder heated at 500 °C indicated
the formation of two types of Ba-Sr carbonates: ar-
orthorhombic aragonite-type carbonate, Ba,, sSr, CO;,
and 6-metastable monoclinic carbonate, Ba, s5r, ;CO,
[24]. At 800°C, 6-Ba, ;Sr, ;CO, converted completely
to ar-Ba, 5Sr,, ;CO;. In the powder annealed at 1000 °C,
the carbonates were no longer present. The XRD pattern
of the sample heated at 800 °C was indicative because
two phases of BSCF, namely P-BSCF cubic phase and
P1-BSCF intermediate hexagonal phase, are present.
P1 hexagonal phase is present also after thermal treat-
ment at 1000 °C. The part of the single cubic P-BSCF
phase transformed upon slow cooling between 900 °C
and 700 °C to a mixture of cubic and hexagonal phases.

High-temperature XRD measurements shown in Fig.
3 reveal that Ba, ;Sr, ;CO, (in aragonite and metastable
forms) and Co-Fe spinel phases were formed already at
200 °C and were thermodynamically stable up to 600 °C
where intermediate BSCF hexagonal phase was formed.
The hexagonal BSCF phase disappeared after 900 °C
contrary to previous measurements (Fig. 2) where it was
still present even after heating at 1000 °C. This differ-
ence in obtained data is probably caused by an absence
of isothermal steps and insufficient time for the hexago-
nal to a cubic phase transition.

The appearance of the Bal_xerCoz_yFe O, ; lamel-
lar phase with the XRD peak at 30.5° required fur-
ther inspection of the BSCF cubic phase stability and
was the reason for the BSCF phase stability follow-
up experiment. The starting material was this time
heated at 1000 °C for 72h and compared using XRD
with material heated at the same temperature for 1 h.
The results are shown in Fig. 4 and they confirm
that after 72h at 1000°C the cubic BSCF phase
(P) deteriorates into hexagonal BSCF phase (P1) and
Ba,_Sr,Co, Fe Os; phase (P2). It is important to note
that the Bal_xerCOZ_yFeyOS_ s phase (denoted as P2) was
present but unmarked in previous papers that examined
BSCF phase stability [11]. This result represented fur-
ther evidence of the thermodynamic instability of the
cubic BSCF phase. There is still discussion in the lit-
erature about the stability and the decomposition path
of the cubic BSCF phase. Mueller et al. [11] have sug-
gested that BaSr,sCo,sFe;,0,; composition lays
in the miscibility gap and decomposes to hexagonal
BaCoO, 4 and cubic SrFeO, ; perovskite structures. Al-
though the BSCF diffraction patterns indicate the exis-
tence of phase P2 annealed at 900 °C for four days, these
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Figure 2. Evolution of the phase composition of the powder
prepared by solvent-deficient method with marked peaks of:
P-BSCF cubic, P1-BSCF hexagonal, P2-BSCF lamellar,
ar-Ba ;Sr,, ;CO;, 6-Ba, ;Sr; ;CO; and sp-Co-Fe spinel
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Figure 3. High-temperature XRD measurements in the
range from 200 to 900 °C with marked peaks of: P-BSCF
cubic, P1-BSCF hexagonal, P2-BSCF lamellar,
ar-Ba, sSr,, ;CO;, 6-Ba, sSr,, sCO; and sp-Co-Fe spinel

P
=i
© 1000°C -1h
A
P
2 P
S 4
@]
[5)
X
b 1000°C-72h
P X Xp  xp x xP
0 T T T T T T y
20 30 40 50 60

2Theta/"®

Figure 4. The XRD pattern of the powder annealed at
1000 °C for 1 h shows deterioration of the of P-BSCF cubic
phase into P1-BSCF hexagonal phase and P2-BSCF lamellar
(both marked with X) phase after annealing for 72 h
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Figure 5. SEM image of the BSCF powder annealed at 1000 °C a) microstructure of the BSCF powder b) close-up of the
microstructure showing aggregation of the hexagonal nanocrystals in larger agglomerates
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Figure 6. 6. XPS spectra of the BSCF material produced by the solvent-deficient method after annealing for 1h at 1000 °C:
a) A-site elements in the perovskite structure, b) B-site elements in the perovskite structure and ¢) O 1s and C 1s spectra
of the BSCF material
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authors did not discuss the existence of this phase fur-
ther in their study. The perovskite decomposition study
at intermediate temperatures by tunnelling electron mi-
croscopy was studied by Efimov et al. [26]. These au-
thors observed an unknown lamellar structure with com-
position Bal_xerCOZ_yFe ,O5_s. This new phase is related
to 15R SrMn,_Fe O, ; with the (cchch), stacking se-
quence [27].

The calculated intensities of the cubic perovskite
and lamellar Bal_xerCOZ_yFeyOS_ s compare well
with XRD patterns. Thus, we conclude that the
Ba ;Sr,, ;Co, ;Fe, ,0, ;s phase decomposed to hexag-
onal perovskite, lamellar Ba, Sr Co, Fe Os;, and
Ba, ,Sr, O [26], but the exact decomposition path
of the cubic BSCF is still questionable. The driving
force for the BSCF decomposition should be a change
of the cobalt valence state coupled with spin-state
transitions of the cobalt ions in the perovskite structure
[28-30]. The decomposition of cubic BSCF phase to
hexagonal phase is slower in ceramic bulk material than
in the powders [11]. Owing to the significant increase
of the intensities of Bal_xerCOZ_yFeyOs_é peaks in
our study in contrast to similar microsized powders
investigated previously [11] we can conclude that the
nanocrystalline powders preferentially decompose into
the lamellar structure.

The SEM analysis of the powder annealed at 1000 °C
revealed the structure and size of the grains as shown in
Fig. 5. Overall structure consists of smaller hexagonal
shaped polycrystals forming larger agglomerates. The
hexagonal shaped crystals are plate-like in form and di-
mensions correspond to results obtained by the Scher-
rer’s method. However, during annealing at higher tem-
peratures, the polycrystals sinter in larger globular ag-
glomerates as shown in Fig. 5b.

The BSCF surface composition is investigated using
XPS. Figure 6 shows the corresponding XPS spectra of
the BSCF surface. The peaks used for the element quan-
tification are Ba 4d, Co 3p, Fe 2p, Sr 3d, O 1s, and C
1s. The relative concentrations of the elements are Sr
33.75%, Ba 32.9%, Co 25%, and Fe 8.33%. The charg-
ing compensation by shifting the low energy peak of C
1s 284.8eV results from the presence of adventitious
carbon, which is due to the atmospheric contamination.
The peak at higher energy (289.0eV) is due to the car-
bonates [31], and previous studies suggested it is due
to the thermal treatment in static air. The Ba 4d peak
is spin-orbital split. The Co 2p;,, and 2p3,, are over-
lapping with the Ba 3d3,, and 3ds;,. The Sr 3d peaks
shown in Fig. 6 have a 2 eV orbital split (doublet). The
main peaks of Sr 3d doublet are located at 133.7 eV and
132.6 eV, respectively. Similar values have been mea-
sured in perovskite structures [32]. Moreover, we can
assign a doublet to the Sr’** cation in the perovskite
structure. Fe 2p signal overlaps with the Co Auger peak,
and it is characteristic for several Fe-oxide compounds.
The O 1s has peak at 529.0eV and the main peak at
531.1eV. The strongest peak at 531.1 eV is related to the
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adsorbed oxygen species and carbonates [33,34], while
the peak at 529.0eV corresponds to the coordination of
the B site Co, and Fe [35].

The agglomerate size distribution of the powders
heated at different temperatures obtained from the DLS
analysis is shown in Fig. 7. The agglomerate size de-
creases with increasing calcination temperature. The ag-
glomerate size of the BSCF powder, calcined at 1000 °C
was measured to be around 300 nm. Such a large grain
size contradicts results obtained by XRD analysis. The
observed difference is probably caused by the aggrega-
tion of nanocrystals into larger agglomerates.

The nitrogen adsorption experiments conducted on
all the investigated BSCF powders revealed a low spe-
cific surface area, i.e.: 9.5, 15.0, 1.5 and 0.8 m?/g for
BSCF powders calcined at 500, 600, 800 and 1000 °C,
respectively. As mentioned previously, such a low spe-
cific surface area is a consequence of the nanocrystalline
agglomeration into larger grains. The general trend of
the temperature-induced decrease in a specific surface
area correlated well with agglomerate size distribution.

The density of the BSCF sample sintered at 1100 °C
for 6 h is measured to be 5.0 g/cm3. Thus, the relative
density of BSCF sample is approx. 91% TD. The electri-
cal resistance of the sintered BSCF sample as a function
of the temperature is presented in Fig. 8. By using well-
known relation for the resistivity of the semiconductor
materials:

40
Average size: 316 nm
1Standard error: 1.91 nm a)
20
Average size: 379 nm b)
| Standard error: 2.18 nm
20
o /\
;60
= Average size: 969 nm
£ | Standard error: 3.49 nm c)
£ 30+
60
Average size: 1507 nm
1 Standard error: 3.86 nm d)
30
O U T T T T
0 500 1000 1500 2000
d/nm

Figure 7. The agglomerate size distribution (DLS analysis) of
the powders prepared by the solvent-deficient method and
calcined at: a) 1000, b) 800, ¢) 600 and d) 500 °C
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where E, is band gap, T is temperature, and k is Boltz-

mann constant, we calculated the band-gap value of
0.84eV.

p=A- exp

IV. Conclusions

A novel solvent-deficient method previously used for
the synthesis of binary oxides was in this work ap-
plied for the rapid and simple preparation of nanocrys-
talline Ba, sSr,Co,¢Fe;,0, ;. The BSCF powder
forms mainly the cubic form after calcination at
1000°C for 1h. Evolution of the phase composi-
tion of the BSCF prepared by the solvent-deficient
method included nitrates and ammonium-bicarbonate
reaction and decomposition, followed by the formation
of intermediate aragonite Ba ;Sr, ;CO;, J-metastable
Ba,Sr,;CO; and Co-Fe spinel phases. At around
600 °C the formation of intermediate BSCF hexago-
nal phase was observed, which transformed to cubic
BSCF phase above 900 °C. The cubic BSCF phase de-
teriorates during prolonged annealing at 1000 °C as ob-
served by high-temperature XRD measurement. The
nanocrystalline powder investigated in our study de-
composes preferentially to hexagonal perovskite, lamel-
lar Ba,_ Sr,Co, Fe Os ; oxide, and Ba,,Sr; O.

The XRD analysis indicated that the produced BSCF
phase has a nanocrystalline size of 20 to 25 nm. The par-
ticle size distribution is one order of magnitude higher
due to the aggregation of nanocrystals into much larger
agglomerates and was measured to be around 300 nm.
The agglomeration of nanocrystals was confirmed by
SEM study and subsequently with nitrogen adsorption
experiments. The XPS measurements of the powder re-
vealed the presence of adventitious carbon due to the
atmospheric contamination. The relative atomic com-

1

1

1
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positions of Sr 33.75%, Ba 32.9%, Co 25%, and Fe
8.33% were measured in samples annealed at 1000 °C.
The four-point DC measurements of the final powder re-
vealed semiconductor behaviour of the BSCF material
at low temperatures. The band-gap obtained from these
measurements is 0.84 eV.

In conclusion, our study provides a new synthe-
sis method for the nanocrystalline complex oxide per-
ovskites. The Ba,, ;Sr, ;Co, 4Fe, ,0; 5 perovskite inves-
tigated here raises new questions of the nanoparticle
phase stability that will be addressed in future work.
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