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a b s t r a c t

Nanocrystalline Sm0.5Sr0.5CoO3�δ powders were synthesized by a chelating route using different
polyfunctional HxAPC acids (APC¼aminopolycarboxylate; x¼3, 4, 5). Different homologous aminopoly-
carboxylic acids, namely nitrilotriacetic (H3nta), ethylenediaminetetraacetic (H4edta), 1,2-cyclohexane-
diaminetetracetic (H4cdta) and diethylenetriaminepentaacetic (H5dtpa) acid, were used as chelating
agents to combine Sm, Sr, Co elements into a perovskite structure. The effects of the chelating agents on
the crystalline structure, porosity, surface chemistry and electrical properties were investigated.
The electrical properties of the perovskite-type materials emphasized that their conductivities in the
temperature range of interest (600–800 1C) depend on the nature of the precursors as well as on the
presence of a residual Co oxide phase as shown by XRD and XPS analysis. The surface chemistry and the
surface stoichiometries were determined by XPS revealing a complex chemical behavior of Sr that
exhibits a peculiar “surface phase” and “bulk phase” chemistry within the detected volume (o10 nm).

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Solid Oxide Fuel Cells (SOFCs) have attractedworldwide interest for
their high energy conversion efficiency (50–70%), structural integrity,
easy operation, low environmental impact and high tolerance to fuels
[1–4]. Due to high operating temperatures and oxidizing atmosphere
the cathodes used for SOFC require the use of noble metals, which are
too expensive, or conducting metal oxides with transition metal ions
which have multiple valences. The composition and microstructure of
cathode materials have a large influence on the performance of solid
oxide fuel cells (SOFCs) [5–7]. Careful design of materials composition
through controlled oxygen nonstoichiometry can increase the ionic
and electronic conductivities as well as the catalytic properties,
associated to oxygen reduction in the cathode [8–10]. Significant
efforts are focused on the development of intermediate-temperature
(500–700 1C) IT-SOFCs. Sr-doped samarium cobaltite (Sm1�xSrxCoO3,
SSC) is a promising cathode material for intermediate temperature
(IT)-SOFCs because it shows high electrical conductivity even at
intermediate temperature [11,12]. Different synthesis routes and
different compositions have been developed in order to enhance the
cathode performance, related to high surface-to-volume ratios, small
grain size, porosity and crystalline phase [13–17]. Serra et al. [18]

prepared cathode La0.65Sr0.3MnO3 (LSM) and La0.58Sr0.4Fe0.8Co0.2O3�δ
(LSFC) materials by self-assembling method using an nonionic surfac-
tant as template and spray-drying process adding Pd or Rh as
promoters. They found that the preparation of relatively high surface
area cathodes with enough thermal stability improves the oxygen
exchange rate and therefore the overall SOFC performance.

Here we present Sm0.5Sr0.5CoO3�δ powders synthesized by a
chelating route using different chelating agents. We demonstrate
the effects of the chelating agent on the structural, textural and
electrochemical properties and discuss the different surface chem-
istry induced by the chelating agents. The electrical conductivity
measurements demonstrate that the obtained ceramic powders
are promising cathode materials for IT-SOFCs.

2. Materials and methods

2.1. Synthesis of materials

Our synthetic approach relied on the utilization of different
polyfunctional HxAPC acids (APC¼aminopolycarboxylate; x¼3, 4 or
5) to obtain the target heterometallic system, Sm0.5Sr0.5CoO3�δ.
Accordingly, four homologous aminopolycarboxylic acids, namely
nitrilotriacetic (H3nta), ethylenediaminetetraacetic (H4edta), 1,2-cyclo-
hexanediaminetetracetic (H4cdta) and diethylenetriaminepentaacetic

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jssc

Journal of Solid State Chemistry

0022-4596/$ - see front matter & 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jssc.2013.10.044

n Corresponding author. Tel.: þ40 21 316 79 12; fax: þ40 21 312 11 47.
E-mail address: ssimona@icf.ro (S. Somacescu).

Journal of Solid State Chemistry 210 (2014) 53–59

www.sciencedirect.com/science/journal/00224596
www.elsevier.com/locate/jssc
http://dx.doi.org/10.1016/j.jssc.2013.10.044
http://dx.doi.org/10.1016/j.jssc.2013.10.044
http://dx.doi.org/10.1016/j.jssc.2013.10.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2013.10.044&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2013.10.044&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2013.10.044&domain=pdf
mailto:ssimona@icf.ro
http://dx.doi.org/10.1016/j.jssc.2013.10.044
https://www.researchgate.net/publication/244067400_Handbook_of_Fuel_Cells-_Fundamentals_Technology_and_Applications_Vol_2?el=1_x_8&enrichId=rgreq-66759154-255e-4497-83d2-d3aacfb12d18&enrichSource=Y292ZXJQYWdlOzI1OTIxNzc4OTtBUzoxMDM1MDQ3NDgyMjA0MjlAMTQwMTY4ODg2Mzg0OA==


(H5dtpa) were used as chelating agents to combine the three elements
into a perovkite-type structure.

Sm0.5Sr0.5Co(nta) (SSCn): In this synthesis route cobalt(II) and
strontium acetates were added to Sm(APC) aqueous solutions,
obtained in situ by reacting stoichiometric amounts of Sm
(NO3)3 �6H2O and corresponding HxAPC acids, as follows: 3 mmol
Sm(NO3)3 �6H2O, 6 mmol H3nta, 3 mmol Sr(Ac)2, 6 mmol Co
(Ac)2∙4H2O and were successively added under vigorous stirring to
50 mL of distilled water at 70 1C. After all the reactants had com-
pletely dissolved, the reaction mixture was neutralized to pH�7 with
NH3 �H2O. The resulting solution was treated with 2 mL of 5% H2O2

and slowly vaporized under continuous stirring until a dark purple
dry powder was obtained. The last operation resulted in the color
change of the reaction mixture from pink to purple, as a result of
cobalt (II) to cobalt (III) oxidation. All the samples were calcined in air
at 800 1C for 8 h. Similar synthesis routes were used with the
substitution of H4edta, H4cdta �H2O and H5dtpa for H3nta. The
samples were labeled as following: SSCe, SSCc, SSCd.

2.2. Characterization of materials

X-ray diffraction (XRD) data were collected using parallel beam
geometry on Rigaku's Ultima IV X-ray powder diffractometer,with
CuKα radiation (λ¼1.54 Å), operating at 40 kV and 30 mA, 0.021
step size and 51/min scan speed.

Porosity analysis (BET) – Brunauer–Emmett–Teller adsorption–
desorption isotherms of N2 were obtained at 77 K over a wide
relative pressure range from 0.01 to 0.995 with a volumetric
adsorption analyzer TRISTAR 3000 manufactured by Micromeri-
tics. The samples were degassed under vacuum for several hours
at 423 K prior to nitrogen adsorption. Desorption isotherm was
used to estimate the pore-size distribution.

Scanning electron microscopy (SEM): SEM measurements were
carried out in a Field Emission Gun (FEG) FEI Quanta 3D micro-
scope operating at 2 kV, equipped with an energy dispersive X-ray
(EDX) spectrometer.

Surface analysis was performed by X-ray photoelectron spectro-
scopy (XPS) in a PHI Quantera equipment with a base pressure in
the analysis chamber of 10�9 Torr. The X-ray source was mono-
chromatized AlKα radiation (1486.6 eV) and the overall energy
resolution is estimated at 0.65 eV by the full width at half-
maximum (FWHM) of the Au4f7/2 photoelectron line (84 eV).
Although the charging effect was minimized by using a dual beam
(electrons and Ar ions) as neutralizer, the spectra were calibrated
using the C1s line (BE¼284.8 eV) of the adsorbed hydrocarbon on
the sample surface (C–C or (CH)n bondings). As this spectrum was

recorded at the start and the end of each experiment the energy
calibration during experiments was reliable.

The electrical conductivities were measured by AC impedance
spectroscopy. The measurements were carried out with a Solartron
1260 FRA using a ProboStat sample holder (NorECs) heated up by
Elite TSV12/50/300 furnace. The impedance spectroscopy mea-
surements were conducted in air, in the temperature range of
20–950 1C, over the frequency range of 1 Hz–1 MHz and the
amplitude of alternative signal was 100 mV. The temperature
was acquired by using a Pt–Rh thermocouple located close to the
sample.The powders were pressed under uniaxial pressure of
�100 MPa (�1 t/cm2) and the resulted pellets were thermal
treated in a furnace at 700 1C for 4 h in air. Heating rate
was 10 1C/min. For a good contact with the electrodes, two
Ag electrodes were pasted on samples surfaces and fired at
600 1C for 1 h. The experimental data were corrected for the
stray capacitance of the sample holder and the resistance and
inductance of the measuring leads by using Zview2 fitting
software [19].

The specific conductivities of the samples were calculated from
impedance data using the formula:

s¼ t
A� R

where t and A represent the thickness and area of the sample surface
and R the electric resistance obtained from impedance spectra.
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3. Results and discussion

3.1. XRD

The powders XRD spectra (Fig. 1a), can be indexed in all cases
to a cubic perovskite Samarium Strontium Cobalt Oxide
(Sm1�xSrx)CoO3 (SSC) with lattice parameter 3.80(1) Å, with
the presence of cubic Co3O4 (JPCDS Card no. 78-1969) as minor
phase. The perovskite phase is isostructural with SmCoO3

(JCPDS no. 75-0282), lattice parameter 3.75(1) Å, the incorpora-
tion of Sr into the cubic perovskite lattice results in the
expansion of the cell volume due to the substitution of smaller
Sm3þ , Co3þ ions (Sm3þ�0.97 Å; Co3þ�0.75 Å) by bigger Sr2þ

ions (Sr2þ�1.18 Å).The inset in Fig. 1b shows the main 1 1 0
diffraction peak of the SSC powders, there are slight variations
in the peak position of the SSC perovskite phase, attributed to
compositional differences, detected by XPS measurements and
discussed below. The crystallite sizes have been calculated by
Scherrer's method from the peak width of the main XRD feature
– (1 1 0) – at �33.31 (Fig. 1b), giving values of �2372 nm for
all the SSC powders.

3.2. BET

Fig. 2 shows the nitrogen adsorption/desorption isotherms
of the SSCc sample and pore size distribution (inset Fig. 2). The
same isotherm shape: type IV isotherm with type H1 hysteresis
loops in the relative pressure range of 0.75–0.98, were obtained
for all the samples. The absorption in this range at high relative
pressure reveals a large pore size in the four samples. The
average pore size distribution was determined from the deso-
rption branch by the Barrett–Joyner–Halenda (BJH) method
and shows a broad distribution in the range of 4–30 nm. The
results of the BET measurements are presented in Table 1. A
narrow pore size distribution was observed for the SSCc and
SSCe samples. Although the SSCc sample shows a higher
specific surface area, the pore sizes close to 4 nm are dominant,
along with smaller contribution of pores larger than13 nm. The
lowest value, measured for sample SSCe, can be explained by
the narrow pore size distribution of the dominant pores
centered at 11 nm and a lesser contribution of smaller pores,
centered at 8 nm.

3.3. SEM

The SEM images of calcined Sm0.5Sr0.5Co3�δ perovskite
powders (Fig. 3) reveal a morphology of fine powders, with
particle sizes ranging from �60 nm in SSCd, �150 nm in SSCc
and SSCn, to �200 nm in SCCe. The particles observed in SEM
images are polycrystalline, the result of agglomeration of
primary nanocrystallites. Higher contrast images of SSCe,
obtained in BSE mode at low-voltage (2 kV), are shown in
Figs. 4–6, clearly reveal the topography of the aggregates

Table 1
Summary of the textural properties.

Sample SBET Adsorbed
volume (cm³/g)

Pore volume
(cm3/g)

Pore size (nm)

SSCc 15 35 0.0541 4; 13
SSCd 19 33 0.0461 11; 18; 38
SSCe 9 13 0.0214 8; 13
SSCn 25 35 0.0540 2; 4; 8; 12

SSCdSSCc

SSCn
SSCe

Fig. 3. SEM images for SSCd, SSCc, SSCe, SSCn.
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observed in SE mode (Fig. 3), showing the nanosized porosity
and the primary nanocrystallites, sized �25 nm (Fig. 4b and c),
forming the fine powder particles.

3.4. XPS results

After recording the general survey XPS spectra to detect all the
elements present on the samples surfaces (at a depth o10 nm)
and the degree of surface contamination, high resolution spectra
were collected on the most prominent XPS transitions: C1s, O1s,
Sr3d, Sm3d and Co2p. Thus, the chemical species were determined
as well as the surface stoichiometries by quantitative analysis of
the perovskite-type ABO3 associated with our samples. It is
appropriate to note that the relative concentrations obtained by
quantification were calculated with errors in the range of 710%,
while the accuracy of the Binding Energies (BEs) assignments was
estimated in the range 70.2 eV.

The high resolution superimposed spectra of Sm3d5/2, Co2p are
shown in Fig. 5, while the corresponding Sr3d, O1s spectra are
displayed in Fig. 6 (a, c), respectively. A close inspection of these
spectra reveal that the O1s and Sr3d regions exhibit a great
complexity as a result of the mixture of different chemical
environments. Complex angle resolved XPS investigations on
similar perovskite-type oxides [20] evidenced a distinct “surface
phase” (the outermost few monolayers, �2–3 nm) and a “bulk-
phase” (the following �4–8 nm). Indeed, after spectral deconvo-
lution the higher BEs (lower Kinetic Energies (KEs)) features for
both O1s (Fig. 6d) and Sr3d band-like spectra (Fig. 6b) can be
attributed to “surface-phase” while the features associated with
lower BEs (higher KEs) are responsible for the “bulk-phase”, as for
example the 528.5 eV feature is assigned to bulk-bound O2� .
Similarly, to our knowledge, such low BEs for the Sr3d doublets
[(127.3, 128.0), (129.3, 131.0) and (131.2, 132.8)] eV do not appear
in the most cited databases [21,22].

The Co2p XPS spectrum shows the most prominent peak Co2p3/2
at �780.5 eV throughout.

These findings clearly evidence that Sr and at a less extent Sm
exist in surface and bulk states, obviously the bulk states showing
lower BEs (photoeletrons with higher KEs, and consequently larger
escape depths). A similar trend exhibits O1s spectrum correlated
to the above mentioned Sr, Sm behavior. In all cases, the elements
detected at the outermost surface layer revealed higher BEs (lower
KEs) than their bulk-lounded counterparts.

After quantification the following surface stoichiometries were
experimentally determined (see Table 2). One can notice a clear
tendency of Sr segregation towards the surface accompanied by
Sm difussion from the surface to the bulk and consequently it
results a disagreement between the nominal and experimental
stoichiometries for the sample SSCn, revealing a surface enriched
in Co and Sr oxides.

3.5. Electrical properties

Impedance spectroscopy measurements were made on pellets
which were not fully densified, in order to measure the con-
ductivity of samples similar to the real SOFC porous cathodes
with three-phase-boundary (TPB) [23–25]. The electrical con-
ductivities for our samples were determined relative to each
other. The measured impedance spectra were similar for all
investigated samples. The impedance spectra for SSCc sample,
acquired in the temperature range of (227–927 1C) are presented
in Fig. 7. From the representation of phase versus frequency we
find out that the sample has a metallic-like behavior. The
electrical resistances of samples were obtained from fitting
experimental data using Zview [19] software. The electrical
equivalent circuit which described, for the full range of frequen-
cies, the electrical behavior of our samples, consisted in a series
of a resistor, R and an inductance, L (due to the inductance effect
of cables at higher frequencies).

Fig. 4. Low voltage BSE image of SSCe.
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Fig. 5. The XPS superimposed high resolution spectra of Sm3d5/2 (labeled Sm3d5 hereafter) and Co2p for the samples.

Fig. 6. The XPS superimposed high resolution spectra of Sr3d (a), O1s (c) and deconvoluted spectra of Sr3d (b), and O1s (d) in SSCc sample.

Tabel 2
XPS data: The binding energies and the experimental (surface) stoichiometries

Sample Binding energy (eV) Experimental surface stoichiometries

O1s Sr3d(5/2;3/2) Sm3d5/2 Co2p3/2;1/2

Surface Bulk Surface Bulk

SSCc 530.7 528.3 127.4; 129.0 133.5; 135.1 1083.1 780.2, 795.3 (Sr0.78Sm0.25)Co0.92O3

531.7 529.5 129.3; 131.0 136.3; 140.0
532.8 131.2; 132.8
(61.5%) (38.5%) (56.7%) (43.3%)

SSCd 530.8 528.4 127.5; 129.1 133.6; 135.2 1083.3 780.3, 795.4 (Sr0.9Sm0.33)Co1.1O3

531.6 529.4 129.2; 131.0 136.4; 140.1
532.9 131.3; 132.9
(52.2%) (47.8%) (51.5%) (48.5%)

SSCe 530.7 528.2 127.3; 128.9 133.4; 135.0 1083.2 780.2, 795.4 (Sr0.86Sm0.27)Co1.22O3

531.6 529.4 129.3; 131.0 136.4; 140.1
532.7 131.4; 133.0
(51.3%) (48.7%) (50.9%) (49.1%)

SSCn 530.9 528.4 127.5; 129.1 133.5; 135.1 1083.2 780.3, 795.3 (Sr0.5Sm0.16)Co1.28O3

531.8 529.4 129.3; 131.1 136.5; 140.2
532.9 131.2; 132.9
(45.8%) (54.2%) (54.8%) (46.2%)
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Fig. 8 shows the Arrhenius plots of the electrical conductivities
for all samples measured in air and the detailed view of them in
the high temperatures range. The sample SSCc exhibits electrical
conductivities larger than the other samples for entire range of
temperatures. At 700 1C, the typical working temperature for IT-
SOFC, the SSCc sample displays the highest conductivity among
our samples. Above 770 1C the sample SSCe exhibits even a higher
conductivity but this behavior is due to its lower porosity shown
by BET measurements. Since the SSCc reveals higher porosity
coupled with a high conductivity lead us to the conclusion that
this material shows a good electrical behavior. The small size of
pores of SSCc sample can also contribute to its good electrical
behavior because the smaller the pores the better the electrical
contacts between the SSCc particles.

These results are in good agreement with the XPS measure-
ments which have shown that SSCc presented the lowest concen-
tration of Co oxide insulating phase on the surface of the powders.
On the other hand, SSCn shows the highest concentration of Co
oxide leading to the lowest values of the electrical conductivities
on the entire range of temperatures. We must also notice a clear
drop in Sm content on the surface which could be related to the
diffusion/segregation phenomena leading to an enrichment in the
Co oxide phase.

We can notice that the electrical properties were influenced
by porosity and surface chemistry primarily induced by
the HxAPC acids (APC¼aminopolycarboxylate; x¼3, 4 or 5)
used in the synthesis process. In fact, this aminopolycarboxylate

have the ability to link the nitrogen atoms in order to increase the
selectivity for a Sm, Sr, Co ions. The number of carbon atoms
between the nitrogen and carboxyl group varies leading to a
different arrangement of the substituents on the carbon atoms.

4. Conclusion

We prepared nanocrystalline Sm0.5Sr0.5CoO3�δ powders by a
chelating synthesis route, for use in IT-SOFC cathodes. The con-
ductivities of our perovskite-type cathode materials depend on the
nature of the precursor ligand, their values decreasing in the
temperature range of interest (600–770 1C) such as: sSSCc4sSSCe4
sSSCd4sSSCn. Nevertheless, in the narrow range (770–800 1C) the
sample SSCe exhibits the highest s values following the order:
sSSCe4sSSCc4sSSCd4sSSCn. The structural and textural investigations
by XRD, SEM,BET analysis highlighted a nanosized porosity and
nanocrystallites sized �25 nm forming the fine powder particles.
A suitable pore size distribution was obtained by using ethylenedia-
minetetraacetic (H4edta) and 1,2-cyclohexanediaminetetracetic
(H4cdta) as chelating agents (SSCe, SSCc sample). The surface chem-
istry and the surface stoichiometries were investigated by XPS
method showing a complex chemical behavior of Sr that exhibits
“surface phase” and “bulk phase” within the detected volume
(o10 nm). Although there is no direct link with the electrical
properties such a complex behavior of the surfaces in our samples
could be of great interest to explain the catalytic reactions that take

Fig. 7. Impedance spectra of SSCc samples (typical for all studied samples) measured at different temperatures in Nyquist representation (left) and in Bode representation
(right).

Fig. 8. The Arrhenius plots of total conductivities of all measured SSC samples (left) and the detailed view of them in the higher temperature range (right).
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place at the cathod [9] (e.g. the adsorption of molecular oxygen and
subsequent dissociation on the top of the surface). A correlation could
be established between the electrical conductivity and the diffusion
/segregation phenomena of Sr/Co leading to an enrichment in the
insulating Co oxide phase. The catalytic properties of our synthesized
cathode materials will be the subject of a further in-depth study.

In summary, by synthesis of cubic Sm0.5Sr0.5CoO3�δ (SSC)
perovskites with a high degree of purity, nanosized porosity, as
well as by gaining a deeper insight in surface chemistry and
stoichiometry would prove particularly beneficial for electrocata-
lytic performance of IT-SOFC cathodes.
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