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Abstract Ba0.5Sr0.5Co0.8Fe0.2O3–d (BSCF) powders were

prepared by solution combustion synthesis using single and

double fuels. The effect of the fuel mixture on the main

properties of this well-known solid oxide fuel cell cathode

material with high oxygen ion and electronic conduction

was investigated in detail. Results showed that the fuel

mixture significantly affected the area-specific resistance of

the BSCF cathode materials, by controlling the oxygen

deficiency and stabilizing the Co2? oxidation state. It was

demonstrated that high fuel-to-metal cations molar ratios

and high reducing power of the combustion fuel mixture

are mainly responsible for the decreasing of the area-spe-

cific resistance of BSCF cathode materials. Moreover, a

new metastable monoclinic phase with Ba0.5Sr0.5CO3

composition was discovered in the as-burned BSCF pow-

ders, enlarging the existing information on the BSCF phase

formation mechanism.

Keywords Solution combustion synthesis � Intermediate

temperature solid oxide fuel cells � Cathode materials �
Combustion fuel mixture � BSCF � Perovskite-type

compounds

Introduction

The increasing worldwide demand of efficient, low-cost,

and eco-friendly energy technologies has been leading in

the last years toward an intense research on intermediate

temperature (450–700 �C) solid oxide fuel cell (IT-SOFC)

devices [1]. In particular, cathode materials to be used in

IT-SOFCs should meet some essential requirements, like

high oxygen and electronic transport properties (easy

oxygen reduction reaction, surface exchange, and diffu-

sion) at intermediate temperatures and high compatibility

with the electrolyte material [1, 2]. To meet these

requirements, two main strategies have been adopted in the

literature: looking for new chemical compositions [3] and

developing new preparation routes [4] (or improving the

existing preparation and processing procedures [5]) to

increase the active area where the cathode reaction can take

place.

Ba1–xSrxCo1–yFeyO3–d (BSCF) perovskite-type com-

pounds, already known as oxygen conducting membrane

materials [6], have attracted the attention of the scientific
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community as IT-SOFC cathode materials owing to their

very good oxygen conducting properties at intermediate

temperatures [7–10]. Nevertheless, their chemical insta-

bility [6, 11, 12] and reactivity to CO2 [13] in the inter-

mediate temperature range have so far limited their

industrial applicability. Despite the described limits, BSCF

is still a very interesting material to investigate, since the

information obtained about the factors governing its high

conductivity may help the selection of more stable cathode

materials [9, 10, 14–16]. BSCF has been usually prepared

by solid-state reaction synthesis [9, 10, 17–19] or by

EDTA–citric acid complexing method [5–7, 18, 20, 21],

although few other preparation routes have been described

as well in the literature, for example the co-precipitation

method [22] and the solution combustion synthesis (SCS)

[17, 18]. SCS is based on both the concepts of sol–gel and

propellant chemistry [23, 24] and it has been successfully

used in the literature to obtain powders at lower tempera-

tures, with smaller crystal size and larger surface area or

with metastable structures, compared to other preparation

methods [23, 25, 26]. The properties of the materials pre-

pared by SCS are essentially governed by the fuel type and

by the reducer/oxidizer molar ratio, the so called ‘‘U’’ ratio

[24, 26, 27]. The effect of the combustion fuel on the

properties of heterometallic oxides, and especially of

SOFC materials prepared by SCS, has been investigated

recently, for both single fuels and fuel mixtures [28–30]. In

particular, it has been found that the fuel type affects the

microstructural properties of the powders [29–31], the

phase formation mechanism [28] and the electrical con-

ducting properties [29, 31, 32] of the final material. Nev-

ertheless, only very general explanations about the effect of

the combustion fuel have been so far proposed. Moreover,

the use of a mixture of fuels has been rarely reported for

the preparation of such materials.

In this paper, fuels such as sucrose, cellulose, citric acid

and polyethylene glycol (PEG) were used, for the first time

alone or in combination, for the preparation of BSCF

powders of Ba0.5Sr0.5Co0.8Fe0.2O3–d composition. More-

over, the effect of the fuel mixture composition on the

phase formation process, structure, microstructure and

conductivity of BSCF prepared by SCS was investigated in

detail, going a step further toward the control of the IT-

SOFC materials properties.

If the use of citric acid is already well known in the

literature [25] the cellulose templating method [33, 34] and

sucrose method [35, 36] are less common and they have

been not yet used for the preparation of BSCF powders, to

the best of our knowledge. Moreover, the experimental

conditions used in this work for the synthesis from cellu-

lose and sucrose-containing fuel mixtures were quite dif-

ferent from the literature and need to be commented.

Sucrose is usually accompanied by nitric acid at very acid

pH, in order to form saccharic acid, which is able to

polymerize alone or in the presence of PVA [37, 38]. In

this work, sucrose was used without any nitric acid, alone

or in combination with PEG, and the resultant pH was

around 5.

Experimental procedure

Powder preparation

The same general procedure was used for the preparation

of BSCF powders of Ba0.5Sr0.5Co0.8Fe0.2O3–d composition,

irrespective of the fuel used. Ba(NO3)2 (99.1 %, VWR

Prolabo), Sr(NO3)2 (C99 %, Merck), Co(NO3)2�6H2O

(C99 %, Fluka), and Fe(NO3)3�9H2O (C98 %, Carlo Erba)

were carefully weighted in the required proportions to

obtain 3 g of final product (unless a different amount was

specified), poured in a 1.2-L stainless steel beaker and

dissolved in distilled water at 60 �C under magnetic stir-

ring. Ammonium nitrate and the fuel were then added to

the metal precursor solution as oxidant additive and pro-

pellant–template–complexant, respectively. Citric acid

(anhydrous, Fluka, 99.9 %), cellulose (powder DS-O for

thin layer chromatography, Fluka Analytical), sucrose

(Eridania), polyethylene glycol (PEG, MW 20000, Fluka

Chemika) were used as fuels, alone or in combination. For

one of the samples, ammonia solution (NH4OH 30 vol %)

was added to the citric acid fuel as a pH regulator.

Taking into account only the primary fuel, the fuel/metal

cation molar ratio was set to 2, unless otherwise specified,

while the reducers/oxidizers ratio U was set to the stoichi-

ometric value for the specific combustion reaction, following

the method described by Jain et al. [24]. The water was left to

evaporate at 80 �C (a vertex was inserted in the precursor

solution) under constant magnetic stirring until the formation

of a homogeneous gel. Initiation of the combustion reaction

was performed by putting the stainless steel beaker on a

hotplate and setting the temperature to around 250 �C.

The as-burnt powders were fired at higher temperatures

(600–950 �C) for the crystallization of the perovskite-type

phase and to eliminate any carbon residues derived from

the combustion process.

Temperature/time profiles of the combustion process

A K-type thermocouple 1.5 mm in diameter, which cov-

ered a temperature range from ambient temperature up to

1,100 �C, was used to measure the temperature variations

during the combustion reaction. Concurrently, the signals

from the thermocouple were stored and processed using a

data acquisition system: a data logger (PICO technology)

with a sampling velocity of 20 bit/s and a computer with
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Picolog software. The thermocouple was carefully inserted

into the combustion medium and the temperature was

registered from the time the beaker was put into contact

with the hotplate until the end of the combustion process.

The duration of the process was calculated from the full

width half maximum (FWHM) of the peak profile.

Powder characterization

X-ray diffraction analysis

The same general X-ray diffraction (XRD) measurements

were carried out on a SIEMENS D5000 X-ray powder dif-

fractometer equipped with a Kristalloflex 760 X-ray gener-

ator and with a curved graphite monochromator that made

possible the selection of the Cu Ka radiation (40 kV/30 mA).

The 2h step size was 0.03� for the as-burned powders and the

powders fired at 600 �C, whereas a 0.02� step was used for

the powders fired at higher temperatures. The integration

time was 3 s per step, and the 2h scan range was from 18� to

90�. The diffraction patterns were analyzed by Rietveld

refinement using the GSAS package [37] Chebyschev poly-

nomials and Pearson VII functions were chosen for the

background and for the peak profile fitting, respectively. In

the structure refinement, lattice constants, zero offset, scale

factors, FWHM, Debye–Waller factors and microstrain were

considered as variable parameters. In those cases where the

XRD patterns were complex and with overlapping peaks,

Debye–Waller factors and microstrain were set to a default

value (0.025 and 0, respectively). From fitting results, the

structural parameters of the investigated compounds and, in

particular, the cell edge lengths and the relative phase com-

position were obtained. When possible, an estimation of the

crystal size values was obtained from Scherrer equation, in

agreement with the GSAS package procedure. The agree-

ment factors (‘‘R values’’) [38] were generally acceptable and

they were reported along with the graphical Rietveld fits

showed in the figures. A standard deviation (SD) of

±0.003 Å for the refined cell parameters was estimated in the

experimental conditions used in this work.

Simultaneous thermal analysis

Thermo-gravimetric and differential thermal analysis (TG–

DTA) measurements were performed using a Perkin Elmer

STA 6000 equipment, in the 50–1,000 �C temperature

range (heating rate = 10 �C/min) in static air or in nitrogen

flow (ca. 20 ml/min), on both as-burned and fired powders.

Nitrogen adsorption

Specific surface area (BET method) [39] and mesopore size

distributions (BJH method) [40] were evaluated performing

nitrogen adsorption/desorption measurements at -196 �C,

using a Sorptomatic 1900 Carlo Erba equipment. All the

samples were pre-treated under vacuum at 250 �C for 2 h

prior to the measurements.

Temperature-programmed reaction techniques

Reduction properties of the perovskite oxides were studied

by temperature-programmed reduction (TPR) measurements.

Experiments were carried out with a Micromeritics Auto-

chem 2910 apparatus, equipped with a thermal conductivity

detector (TCD) and a mass quadrupole spectrometer (QMS)

(ThermostarTM, Balzers). Hydrogen consumption (mmol/g)

was calculated through TCD calibration experiments. Before

TPR, the samples (0.17 g) were pre-treated in a quartz

reactor in O2 (5 % in He) at 500 �C for 30 min, followed by

purging and cooling to room temperature in Ar flow. Then,

the flow was switched to the H2 mixture (5 % in Ar, 50 mL/

min) and the temperature was increased with a heating rate of

10 �C/min up to 950 �C. The same instrument was used to

study the reactivity towards oxygen of the perovskite oxides,

performing temperature-programmed oxidation (TPO) mea-

surements. The fired samples (0.17 g), without any pre-

treatment, were flowed under O2 (5 % in He, 50 mL/min) by

increasing linearly the temperature from 25 to 950 �C. The

temperature was kept at 950 �C for 2 h under oxygen

atmosphere, and then the samples were cooled down to room

temperature. Finally, to study the oxygen desorption prop-

erties of the perovskite oxides, He-TPD experiments were

performed directly on the calcined samples (0.17 g) by

flowing He (50 mL/min) from 25 to 950 �C. The temperature

was kept at 950 �C for 2 h under He stream, and then cooling

down under the same atmosphere. The evolution of gaseous

species was monitored by on-line TCD and QMS.

SEM-EDX

Typical micrographs and energy-dispersive X-ray (EDX)

analysis of the powder samples and fractured cross section

of the co-sintered electrode/electrolyte interfaces were

acquired using a FEI Quanta 200 SEM microscope oper-

ating in high vacuum at 20 keV, after deposition by sput-

tering of a thin gold layer.

Electrochemical characterization of symmetric cells

Dense electrolyte pellets, 13 mm in diameter, were obtained

by uniaxially pressing Sm0.2Ce0.8O2 (SDC, AGC Seimi

Chemical Co., Ltd., Japan) powders at 250 MPa and sin-

tering at 1,500 �C for 5 h. Cathode inks were prepared

mixing the BSCF powders with an organic vehicle (a-ter-

pineol as a solvent, di-n-butyl phthalate as a plasticizer, and

polyvinylbutyral as a binder) until an appropriate viscosity
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for brushing was achieved. Symmetric cells were prepared

by brush painting the cathode slurry to each side of the SDC

pellet, drying at 150 �C for 3 h, and firing at 1,000 �C for

2 h.

Electrochemical impedance spectroscopy (EIS) mea-

surements were performed using a multichannel potentio-

stat (model VMP3, Biologic Science Instruments) in the

frequency range between 100 mHz and 500 kHz, with an

AC voltage amplitude ranging between 10 and 50 mV, at

temperatures ranging between 500 and 800 �C. Silver mesh

current collectors and four silver lead wires were pressed

against the samples in a quartz reactor by the use of a

ceramic screw-and-bolt assembly. The quartz reactor was

placed into a temperature-controlled furnace, and dry air

was fed through the reactor at a rate of 50 cm3 min-1. For

the measurements at different oxygen partial pressures, the

atmosphere in the quartz reactor was changed to different

pO2 values using various O2–Ar and air–Ar gas mixtures,

and monitoring the pO2 of the outlet gas with a zirconia

oxygen sensor.

In the acquired complex impedance plane plots, the

intercept with the real axis at high frequencies was con-

sidered as the Ohmic resistance (ROhmic) composed of the

electrolyte resistance, possibly electrode-sheet resistance,

and lead-contact resistance. The difference between the

high frequency and low-frequency intercepts with the real

axis, in some cases composed of the sum of two contri-

butions, was considered as the electrode polarization

resistance (Rp). The different contributions in the imped-

ance plots were calculated by fitting the experimental data

with a Zview software. An equivalent circuits made of

LR0(R1Q1)(R2Q2) was used to fit the complex impedance

plane plots. In the selected equivalent circuits, L represents

the set-up inductance, R0 is the total ohmic resistance, R1

and R2 are the resistance values due to the electrode pro-

cesses, whereas Q1 and Q2 are the constant phase elements

associated with R1 and R2, respectively.

The area-specific resistance (ASR) of the electrode was

calculated from the electrode resistance (Rp) by

ASR ¼ Rp A

2

where A is the geometrical electrode area and the factor 1
2

takes into account that symmetrical cells were used.

Results and discussion

Combustion process and formation mechanism

of BSCF cathode materials

BSCF powders were prepared by SCS using two single

fuels and four fuel mixtures. Fuels such as sucrose,

cellulose, citric acid, ammonia and polyethylene glycol

were used alone or in combination. Table 1 describes the

fuel mixture composition for all the samples studied in this

work.

BSCF perovskite-type compounds with cubic structure

were obtained from the A1–A6 fuel mixtures by using a

solution combustion synthesis followed by a thermal

treatment in static air. Figure 1 shows the XRD patterns

before (as-burned powders) and after heating to 600, 750

and 950 �C for 5 h of a representative sample, A4, pre-

pared from sucrose and PEG. The XRD patterns of the as-

burned samples, regardless of the fuel (single fuel or

mixture), showed the formation of two types of Ba–Sr

carbonates, one being the already known orthorhombic

aragonite-type carbonate (ar-Ba0.5Sr0.5CO3), the other a

new metastable d phase with monoclinic structure (d-

Ba0.5Sr0.5CO3). After heating to 600 �C, d-Ba0.5Sr0.5CO3

was totally converted into ar-Ba0.5Sr0.5CO3 (Fig. 1). A Fe–

Co spinel was also detected in all the powders heated to

600 �C (Fig. 1). After heating to 750 �C, no more car-

bonates were present in the XRD patterns and two inter-

mediate phases were formed, P1 hexagonal and P0 cubic, of

Ba1–xSrxCo1–yFeyO3–d composition, with x (and y) content

different from 0.5 (and 0.2) (Fig. 1). Such two phases (P1

and P0) merged into a cubic P phase after thermal treatment

at 950 �C. The heating temperature for the formation of a

pure BSCF phase reported by other authors in the literature

[17, 18, 41] was 50–100 �C lower than the value obtained

in this work, though using slightly different experimental

conditions.

TG–DTA measurements were performed under static air

on both as-burned and calcined BSCF powder samples.

The TG–DTA of a representative as-burned sample (A3) is

Table 1 Description of the combustion fuel mixtures used for the

preparation of BSCF powders

Sample

name

Combustion fuel mixture

A1 Cellulose ? citric acid (citric acid/cellulose unit molar

ratio = 0.5); cellulose unit/metal cations molar

ratio = 2; U* = 1.1

A2 Citric acid ? NH4OH (until pH = 6); citric acid/metal

cations molar ratio = 2; U = 1.3

A3 Sucrose; sucrose/metal cations molar ratio = 2; U = 1.0

A4 Sucrose ? PEG (PEG unit/sucrose molar ratio = 1);

sucrose/metal cations molar ratio = 2; U = 1.2

A5 Cellulose; cellulose unit/metal cations molar ratio = 4;

U = 0.8

A6 Sucrose ? PEG (PEG unit/sucrose molar ratio = 2.5);

sucrose/metal cations molar ratio = 2; U = 1.5

* U ratios (reducers/oxidizers) are stoichiometric taking into account

only the primary fuel. In this table U ratios relative to the fuel mixture

are also reported
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reported in Fig. 2a. Figure 2b shows TG–DTA profiles of

the same sample after calcination at 950 �C/5 h.

In the as-burned sample (Fig. 2a), after the initial water

loss, a sharp step ascribable to the residual carbon decom-

position was visible at around 400 �C. At around 850 �C a

substantial weight loss occurred, which was related to

the formation of the final BSCF cubic phase from

ar-Ba0.5Sr0.5CO3 and Fe-Co spinel. The BSCF formation was

completed at 900 �C. Above that temperature, the weight

continued to decrease. The absence of a definite plateau in

the TGA curves hindered a proper determination of the

exact formation temperature and it was ascribed to the

peculiar property of the BSCF powders to lose oxygen

even under oxidative environment [19, 42]. According to

this hypothesis, an evident weight loss was observed in the

TGA of A3 after calcination at 950 �C/5 h (Fig. 2b). Such

weight loss was around 1.5 wt % in the 200–900 �C tem-

perature range, in agreement with the literature [21]. Fol-

lowing the considerations of Li et al. [43], three different

regions were identified in the TGA of A3 sample (Fig. 2b).

The oxidation of Co3? and Fe3? to the IV state took place

between 200 and 350 �C with a slight weight gain. Above

350 �C the reduction of Co4? and Fe4? to the (III) state

was more favored. Then, the temperature-driven reduction

of Co3? to Co2? occurred above 800 �C. These redox

changes were accompanied by oxygen content variations

for charge compensation.

The evolution of the BSCF phase composition with the

heating temperature in the 600–950 �C range showed in

Fig. 1 was in agreement with the literature [20], whereas

the phase composition of the as-burned-powders needs to

be commented, since it enlarges the actual picture on the

BSCF phase formation mechanism.

Figure 3 shows the XRD pattern and Rietveld refine-

ment for a representative as-burned sample, A2, which

showed the largest percentage of the d-Ba0.5Sr0.5CO3.

Table 2 provides the phase composition of such sample

together with the structural information about the new

metastable phase. A considerable amount of metallic cobalt

was also found in the as-burned powders (Table 2). The

formation of metallic Co is not surprising since it is known

to form, eventually with CoO, in the as-burned powders

prepared by SCS, depending on the flame temperature and

on the nature of the combustion process [44]. It can be

noticed that Fe was not mentioned in Table 2, although it is

probably still hidden as amorphous phase, since it appeared

as Co–Fe spinel after heating to 600 �C.
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The formation of the new metastable d-Ba0.5Sr0.5CO3

phase deserves a more detailed discussion. This is very

similar to the d-BaCO3 found in the literature [45, 46],

although it has a much smaller lattice volume (145 Å3)

with respect to the d-BaCO3 phases previously described

in the literature (155 and 158 Å3) (Table 2), in agreement

with the smaller ionic radius of Sr2? with respect to that

of Ba2?. The XRD pattern of the new d-Ba0.5Sr0.5CO3

phase identified in this work resembles the ‘‘OP1’’ Ba–Sr

carbonate phase observed by Yi et al. [47] on the surface

layer of a BSCF membrane at the beginning of the thermal

treatment in CO2 [45], although they indexed it with an

orthorhombic Pmma group. In our work, any attempt

made to fit the d-Ba0.5Sr0.5CO3 phase according to an

orthorhombic symmetry with the cell parameters sug-

gested by Yi et al. was unsuccessful. Like its d-BaCO3

analogue, which is known to be stabilized by the incor-

poration of SO4
- anions [46] or by an abrupt temperature

change [45], it is likely that the new metastable

d-Ba0.5Sr0.5CO3 phase was formed at the beginning of the

Fig. 3 Graphical results of the Rietveld refinement for a typical

as-burned BSCF sample (A2), where the new metastabled-Ba0.5Sr0.5CO3

monoclinic phase represents the main phase; the two main peaks

belonging to metallic cobalt are indicated by Co�. Rietveld reliability

factors are as well reported in the figure

Table 2 Phase composition for a typical as-burned A-type sample (A2) and structural results for the new metastable d-Ba0.5Sr0.5CO3

Phase type Space group Structural parameters wt %

d-Ba0.5Sr0.5CO3 Monoclinic, P 1 21/m 1 (this work)a a = 6.811 Å 55

b = 5.178 Å

Atom type x y z Occupancy UISO c = 4.386 Å

Ba?2 0.233269 0.75 0.918715 0.5 0.03036 a = 90.0�
Sr?2 0.233269 0.75 0.918715 0.5 0.03036 b = 109.79�
C?4 0.232508 0.25 0.442513 1 0.06314 c = 90.0�
O-2 (1) 0.400891 0.241605 0.812455 0.5 0.03875 V = 145.5 Å3

O-2 (2) 0.254420 -0.011103 0.434185 0.5 0.01750

O-2 (3) 0.132924 0.417429 0.335414 0.5 0.00268

ar–Ba0.5Sr0.5CO3 Orthorhombic, P m c nb a = 6.266 Å 24

b = 5.207 Å

c = 8.654 Å

a = 90.0�
b = 90.0�
c = 90.0�
V = 282.4 Å3

Co Cubic, F m -3 m (ICSD #622439) a = 3.563 Å 21

b = 3.563 Å

c = 3.563 Å

a = 90.0�
b = 90.0�
c = 90.0�
V = 45.2 Å3

A SD of ±0.003 Å for the refined cell parameters was estimated in the experimental conditions used in this work
a Atomic positions were adapted for barium carbonate sulfate—Delta ICSD #63257 from Ref. [46]
b Atomic positions were taken from [65]
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combustion process due to the fast combustion. Figure 4

shows the temperature/time profiles of sample A2, pre-

pared by citric acid-assisted SCS, for 1, 1.5 and 3 g of

sample produced. All the fuel mixtures used in this work

displayed a single combustion peak similar to those of A2,

with a maximum temperature at around 600–700 �C,

where the combustion involved the whole mass (visual

observation) in few seconds. The temperature/time pro-

files were reproducible for the same experimental condi-

tions used in the synthesis, including the type of

combustion beaker used (geometry and material) and the

final mass of the produced samples. Both the duration and

the maximum temperature of the combustion increased

with the BSCF powder mass produced in the synthesis.

Moreover, the amount of d-Ba0.5Sr0.5CO3 phase, deter-

mined by Rietveld analysis of the XRD data, decreased,

whereas the ar-Ba0.5Sr0.5CO3 phase and metallic cobalt

amounts proportionally increased by increasing the sam-

ple mass of the same as-burned sample (table inset of

Fig. 4). A larger duration of the combustion process

favors the conversion of the metastable d-Ba0.5Sr0.5CO3

into the more stable ar-Ba0.5Sr0.5CO3.

It should be emphasized that, although the phase com-

position of the as-burned samples was dependent on the

sample weight, such dependence was not observed after

heating to 600 �C/5 h, where only the ar-Ba0.5Sr0.5CO3 and

Fe–Co spinel were present, irrespective of the amount of

powder produced in one batch, in agreement with the

existing literature [20].

Structural parameters and B-site cation stability

of BSCF cathode materials

Figure 5 shows the Rietveld refinement of a representative

sample, A4, after firing at 950 �C/5 h. A closer look by

Rietveld refinement of the XRD patterns of the powders

heated to 950 �C revealed the presence of a mixture of

BSCF phases with the same cubic symmetry and minor

amounts (below 5 wt %) of a rhombohedral phase

(a = b = 5.67 Å, c = 35.2 Å). This phase can be well

described with a Ba3Co10O17-like structure oriented par-

allel to the (111)cubic plane, as already observed by Efimov

et al. [48], who stated that the probable composition of this

phase is Ba1–xSrxCo2–yFeyO5–d. The mixture of cubic

phases was observed in all the samples, although some

clear differences were present in terms of cell parameter

and/or respective weight percentage. The two phases have

different cell parameters and oxygen deficiency. The BSCF

cubic phase with the smaller cell parameter (phase 1) was

the typical BSCF cubic phase (3.986 Å for A4) in agree-

ment with the literature [49]. The other cubic phase (phase

2) had a larger lattice parameter value (3.994 Å for A4),

demonstrating a larger oxygen deficiency due to the

increased formation of Co2? ions with larger ionic radius.

The formation of an oxygen-deficient BSCF with cubic

structure can be explained by the fact that BSCF, with

respect to other perovskite-type oxides, is able to keep very

high oxygen deficiency without forming the ordered

brownmillerite structure [50]. From the refined cell

parameters and phase composition, the total percentage of

Co2? was calculated, taking into account the relationship

Fig. 4 Temperature–time profiles for the A2 sample, for increasing

sample mass of powder prepared in the same batch; the included

table shows the corresponding variation of the ar-Ba0.5Sr0.5CO3,

d-Ba0.5Sr0.5CO3, and Co� wt. % with the combustion process dura-

tion and combustion profile maximum temperature
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Fig. 5 Graphical results of the Rietveld refinement of the XRD

patterns of the A4 sample heated to 950 �C for 5 h. (h k l) planes are

also indicated for the BSCF cubic phase. Rietveld reliability factors

are reported in the figure as well. The inset is a magnification of the

(110) XRD peak at around 32�2h, which evidences the contribution

from the three phases
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found by Kriegel et al. [19] between the BSCF cell

parameter and the oxygen deficiency, hypothesizing that

BSCF contains more Co3? and/or Co2? than Co4? and

more Fe3? than Fe4? [51]. It was found that Co2? changed

with the type of fuel mixture, ranging between 5 wt %

(A2) and 32 wt% (A6). Figure 6 compares temperature-

programmed experiments under reductive (TPR) and inert

(He-TPD) environments for the A2 and A6 samples, per-

formed by using the same weight amounts. For both the

investigated samples, the shape of TPR curves was very

similar: a main reduction peak was evident at around

500 �C, together with another low-intensity peak at around

250 �C (Fig. 6a). The main peak was ascribed to the Co3?,

Co2? step reduction to Co0, in agreement with the hydro-

gen consumption (5.3–5.5 mmol H2/g), while the low

temperature peak (2.3 mmol H2/g) was likely related to

both the reduction of Fe4? to Fe3? and of Co4? to Co3?

[52]. The lower hydrogen consumption of this peak

indicates that both samples contained more Co3?/Co2?

than Co4?, in agreement with the above discussion. Two

additional peaks with very low intensity and total hydrogen

consumption of 1.4 mmol H2/g were also visible above

700 �C, which could be ascribed to the subsequent reduc-

tion of Fe3? and Fe2? species into the metallic state [53]. It

is important to note that the maximum temperature of the

first two peaks, below 600 �C, is distinctly higher for the

A6 sample than for the A2 sample (Fig. 6a). A different

reduction temperature suggests that the two samples

probably contain cobalt ions with a different surrounding

and a different oxidation state (Co3?/Co2?). This is sup-

ported by the slightly lower hydrogen consumption regis-

tered for the main peak of the A6 sample (5.3 mmol H2/g)

with respect to the A2 sample (5.5 mmol H2/g). The higher

Co2? content calculated from XRD results for A6 is in

agreement with the higher content of Co2? suggested by

TPR results for the same sample.

Figure 6b describes the oxygen desorption from the A2

and A6 samples after heating in static air to 950 �C/5 h.

One strong desorption peak was detected at around 400 �C;

a second less intense desorption peak was present at around

800 �C. Figure 6b clearly shows that the overall oxygen

desorption of sample A6 was smaller than that shown by

sample A2, while the desorption peak maximum temper-

ature was almost the same, in agreement with the fact that

removal of oxygen was easier and higher for the less

oxygen-deficient sample. XRD patterns were registered

after the He-TPD experiments, without oxygen, and it was

found that the cell parameters of both the cubic phases

increased and phase 2 reached a value of 4.005 Å. This

phase, whose composition is Ba0.5Sr0.5Co0.8Fe0.2O2 with

maximal Co2? content, it is described in the literature as

the most deficient cubic phase with disordered oxygen

vacancies [50].

TPO experiments, with 5 vol.% O2, were also per-

formed in order to check for any O2 consumption or CO2

evolution. No O2 consumption was observed, while CO2

evolution peaks were detected between 500 and 800 �C in

both TPO and TPD profiles, probably due to the decom-

position of residual carbonate-like species. XRD patterns

after TPO were very similar to the XRD patterns of the

samples obtained after heating in static air, although

the calculated Co2? total amount was slightly larger after

TPO, in agreement with the lower O2 content in the gas

(5 vol.% O2).

Figure 7 shows the TG–DTA curves measured under

nitrogen flow for the A1 and A6 samples, after annealing at

950 �C/5 h, where A1 has a smaller total Co2? content

(10 wt%) than A6 (32 wt%). At temperatures below

500 �C, where no significant CO2 evolution was detected

by TPD experiments, the weight changes could be easily

ascribed to oxygen depletion. The TG–DTA under nitrogen

a

b

Fig. 6 TPR (a) and He-TPD (b) profiles for the A2 and A6 samples
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were very similar in shape to those obtained in air: the Co3?

to Co4? oxidation step and the two Co4? to Co3? and Co3?

to Co2? reduction steps were visible, although the weight

loss in the 200–500 �C range was generally larger than that

for the samples treated in air. It is worth noticing that the

Co3? to Co4? oxidation step was much more evident in the

A1 sample, with structural parameters and Co2? content

close to A2, confirming a larger Co3? percentage, in

agreement with the results previously discussed. DTA

results evidenced a difference in the temperature for the

Co3? to Co2? reduction, which occurred at 890 �C and at

850 �C for the A1 and the A6 sample, respectively, indi-

cating that the Co2? reduced state was better stabilized by

using the sucrose–PEG fuel mixture than the cellulose–

citric acid one. Both the structural and redox results pointed

out that the fuel mixture was able to control the structural

parameters of the two BSCF cubic phases through the sta-

bilization of the cobalt (II) oxidation state.

Electrochemical and microstructural properties

of BSCF cathode materials

Figure 8a shows the Arrhenius plot of the area-specific

resistance (ASR) for the symmetrical cells with BSCF

electrodes annealed at 1,000 �C for 2 h on both sides of

dense SDC pellets. It is worth noticing that, for a given

temperature, the difference in the ASR between the A1 and

A6 samples was as large as one order of magnitude, for the

same nominal material composition (Fig. 8a). The A6

cathode showed the smallest ASR in the whole tested

temperature range (500–800 �C), achieving 0.016 X cm2 at

800 �C and 0.10 X cm2 at 600 �C. These ASR values were

comparable with values reported in the literature for BSCF

cathodes measured in similar electrochemical conditions

[13, 21, 54]. The activation energy values, albeit slightly

smaller, were in agreement with literature data [21].

A one order of magnitude difference in the ASR values

at a given temperature of BSCF with the same chemical

composition could be caused by several factors which

could be related to differences in microstructure [4, 55–58],

oxygen deficiency [2, 9, 10, 58–61] or surface chemical

composition (cation enrichment and/or impurity presence)

[47]. Other factors could involve a difference in the extent

of the adhesion of the powder to the electrolyte, or a dif-

ference in the thickness of the cathode layer.

N2-adsorption experiments conducted on all the inves-

tigated BSCF calcined powders, revealed a very low spe-

cific surface area (below 5 m2/g) and porosity (cumulative

pore volume around 0.15 cm3/g and mean pore diameter

around 4 nm). Figure 9 shows SEM micrographs (with low

Fig. 7 TG and DTA curves under N2 flow for A1 and A6 fired

samples

1,65 1,70 1,75 1,80
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0,00
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  /
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b

Fig. 8 ASR versus the reciprocal of temperature for BSCF cathodes

prepared using different combustion fuel mixtures (a); variation with

the oxygen partial pressure of the ASR derived from the first and
second semicircles for the A6 sample, measured at 650 �C. In the

inset of this figure, a typical EIS spectrum of A6 cathode showing the

two semicircles is shown (b)
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magnification images in the insets) for the A1, A2, A3 and

A6 powders heated to 950 �C/5 h. Higher porosity and

lower mean grain size (around 1 lm) were characteristic of

sample A1 (Fig. 9). On the other hand, A2, A3, and A6

were less porous, showed a mean grain size around 3 lm

and very small differences could be observed among the

three samples (Fig. 9). For example, the A3 sample

appeared slightly denser than the A6 sample, both before

(Fig. 9) and after (Fig. 10) depositing the powders on the

SDC electrolyte. The cathode thickness was very close for

all the investigated samples (20 lm) and the cathode–

electrolyte adhesion in the half-cells, as observed by SEM,

was good (Fig. 10). Peculiar nanoscaled features were well

evident in all the investigated BSCF samples (Fig. 9).

Some authors ascribed the high oxygen conductivity of

BSCF powders to peculiar nanoscaled features on the

surface of BSCF powders prepared by coprecipitation [22].

Although this hypothesis cannot be completely ruled out,

no evident correlation was found in this work between size/

shape/distribution of the nanoscaled features and the

observed ASR trend. These features were, for example,

almost identical for the A2 and A6 samples (Fig. 8a),

which showed very different ASR values at the same

temperature (Fig. 8a). On the other hand, A1 and A2,

which have very similar ASR values, showed very different

morphologies. It can be reasonably postulated that the

minor wt% of (111)-oriented rhombohedral phase detected

by XRD in all the investigated samples (Fig. 5) was

somewhat related to the nanoscaled features observed by

SEM.

EDX results for three of the six samples are reported in

Table 3, as atomic ratios of Ba, Sr and Co with respect to

Fe. The EDX results were very similar for all the samples

investigated. A slight Sr depletion (ca. 25 at%) was

noticeable for all the investigated samples (Table 3) and

Fig. 9 SEM micrographs of

four powders—A1, A2, A3 and

A6—at two different

magnifications (lower in the
insets)

Fig. 10 SEM images of the half cell sections for two representative

cathode powders, A3 and A6, after deposition on the SDC pellet
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this is in agreement with the observations of Efimov et al.

[48] about the chemical composition of the (111) oriented

hexagonal phase.

In the present case, it appears that the observed differ-

ences in the ASR values of the BSCF cathodes at a given

temperature (Fig. 8a) cannot be explained solely by

microstructural differences. For example, the very slight

microstructural differences between A3 and A6 samples

(Figs. 9, 10) cannot explain a difference of half order of

magnitude in the ASR (Fig. 8a). On the other hand, the

more evident microstructural differences between A1 and

A2 samples (Fig. 9), apparently did not affect their elec-

trochemical properties (Fig. 8a).

Microstructural properties are mainly responsible for dif-

ferences in the electrochemical properties of LSCF cathode

materials [62], which was not the case here for BSCF. To

understand the difference, one should consider the rate

determining steps responsible for the overall oxygen reduc-

tion reaction in the case of BSCF and LSCF cathodes. Fig-

ure 8b shows the ASR associated to each of the two distinct

semicircles observed in the low-frequency region of the

Nyquist plots as a function of the oxygen partial pressure,

measured at 650 �C. ASR is proportional to (pO2)-n, where

the n value gives information about the electrode reaction

involved. The n value of 0.2 (Fig. 8b), corresponding to the

first semicircle, was indeed indicative of a rate-limiting step

related to the charge transfer at the electrode/electrolyte

interfaces, while the n value of 1 corresponding to the second

semicircle indicated a rate-limiting step due to bulk and

surface diffusion of oxygen species. As confirmed in Fig. 8b,

the rate determining step of a BSCF cathode is governed by

gas diffusion and charge transfer at the electrode/electrolyte

interface [63]. On the other hand, in the case of LSCF cath-

odes the dissociative oxygen adsorption is identified as the

main factor governing the oxygen reduction reaction [58, 62,

64]. Therefore, it is reasonable to assume that BSCF elec-

trochemical properties are less affected by the cathode

microstructure than LSCF compounds.

Bulk and surface oxygen vacancy diffusion is improved

in the presence of disordered oxygen vacancies that

enhance the oxygen incorporation in the BSCF [63]. It is

worth noticing that the sample A6, with more oxygen

vacancies and Co2? content, showed a smaller ASR value

than the sample A2, at the same temperature (Fig. 8a). The

combustion fuel mixture might affect indirectly the ASR

values by governing the oxygen deficiency of the BSCF

powders. We searched to correlate the measured ASR

values with the most important SCS processing parameters,

connected with the fuel mixture. In order to consider both

the fuel-to-metal cations molar ratio and the reducing

power of each different fuel in the combustion mixture, a

new parameter was introduced here. The WF/M ratio, or

the fuel-to-metal cations molar ratio weighted for the

reducing power of the specific fuel in the mixture, is

equivalent to the fuel-to-metal cations ratio, but it can be

used for fuel mixtures, where each fuel has a specific

reducing power [24]. Figure 11 shows the relationship of

both the log ASR measured at a fixed temperature (730 �C)

and the Co2? total content in the sample with the WF/

M ratio. An inverse correlation was found between the log

ASR and the WF/M (Fig. 11). On the contrary, the Co2?

content increased with increasing WF/M (Fig. 11). It is

here argued that, during the combustion process and with

the other parameters fixed, the larger the reducing power of

the fuel mixture, the larger the tendency of the fuel mixture

to stabilize the atoms that will form later the BSCF struc-

ture in an oxygen vacancy-rich configuration. It can be

further argued that, for a given fuel mixture, this tendency

is also positively influenced by larger fuel-to-metal cations

ratios, where a higher local concentration of fuels with high

reducing power exists around the metal cations.

Conclusions

BSCF powders were produced by solution combustion

synthesis using various single and double fuels. We

Table 3 EDX results (atomic ratios) for some A-type BSCF samples

fired at 950 �C/5 h

Sample name Ba/Fe Sr/Fe Co/Fe

Theoretical 2.5 2.5 4.0

A2 2.5 1.9 4.1

A5 2.6 2.1 4.3

A6 2.5 1.7 4.0

The theoretical ratios are reported in the first row of the table.

SD ± 0.1

Fig. 11 Correlation between log ASR (at 730 �C), the Co2? in each

sample calculated from XRD results and the fuels/metal cation ratio

weighted for the reducing power of each fuel in the combustion

mixture (WF/M)
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showed that the fuel mixture has an explicit influence on the

structural parameters, the oxidation state stability at the

B-site, the microstructure and the electrochemical properties

of the BSCF cathode materials. Moreover, it was observed

that such improvement could not be solely ascribed to an

improvement in the microstructural features, although a

further optimization of the BSCF electrochemical properties

by obtaining nanometer-sized powders still remains a chal-

lenge due to processing problems. Nonetheless, some

important guidelines for the improvement of the electro-

chemical properties of BSCF cathode powders are proposed

in this work. The main conclusion of this work is that BSCF

cathode materials with optimized conductivity and high

oxygen deficiency can be easily obtained by solution com-

bustion synthesis, making use of high-interacting fuel mix-

tures having high fuel-to-metal cations molar ratio and high

reducing power. In particular, the best electrochemical

properties were observed for the A6 sample, where a mixture

of sucrose and PEG20000 in a 1:2.5 molar ratio was used.

Moreover, a new metastable monoclinic phase with

Ba0.5Sr0.5CO3 composition was discovered in the as-burned

BSCF powders, extending the existing information on the

phase formation mechanism of BSCF compounds. It is

expected that most of the information acquired in this work

can be successfully used for other chemical compositions.

All these results confirmed the importance of the combustion

process itself in tailoring the final materials properties,

focusing the attention at the fuel mixture–metal cations

interaction, contributing to fill an important gap between

materials synthesis and materials properties.
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