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Abstract: Perovskite anodes, nowadays, are used in any solid oxide fuel cell (SOFC) instead
of conventional nickel/yttria-stabilized zirconia (Ni/YSZ) anodes due to their better redox and
electrochemical stability. A few compositions of samarium-substituted strontium titanate perovskite,
SmxSr1−xTiO3−δ (x = 0.00, 0.05, 0.10, 0.15, and 0.20), were synthesized via the citrate-nitrate
auto-combustion route. The XRD patterns of these compositions confirm that the solid solubility limit
of Sm in SrTiO3 is x < 0.15. The X-ray Rietveld refinement for all samples indicated the perovskite
cubic structure with a Pm3m space group at room temperature. The EDX mapping of the field emission
scanning electron microscope (FESEM) micrographs of all compositions depicted a lower oxygen
content in the specimens respect to the nominal value. This lower oxygen content in the samples
were also confirmed via XPS study. The grain sizes of SmxSr1−xTiO3 samples were found to increase
up to x = 0.10 and it decreases for the composition with x > 0.10. The AC conductivity spectra were
fitted by Jonscher’s power law in the temperature range of 500–700 ◦C and scaled with the help of the
Ghosh and Summerfield scaling model taking νH and σdc T as the scaling parameters. The scaling
behaviour of the samples showed that the conduction mechanism depends on temperature at higher
frequencies. Further, a study of the conduction mechanism unveiled that small polaron hopping
occurred with the formation of electrons. The electrical conductivity, in the H2 atmosphere, of the
Sm0.10Sr0.90TiO3 sample was found to be 2.7 × 10−1 S·cm−1 at 650 ◦C, which is the highest among
the other compositions. Hence, the composition Sm0.10Sr0.90TiO3 can be considered as a promising
material for the application as the anode in SOFCs.

Keywords: solid oxide fuel cells (SOFCs); ionic conductivity; Raman spectroscopy; powder
X-ray diffraction

1. Introduction

Solid oxide fuel cells (SOFC) and solid oxide electrolysis cells (SOEC) are of great interest for their
high efficiency of the conversion between chemical energy and electric power without greenhouse
gases emissions. Their net-zero environmental impact is becoming truly affordable, as demonstrated
by the continuous development of the use of bio-fuels and by the production of hydrogen through
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SOEC technology [1–8]. SOFCs are more efficient in comparison to a conventional power plant
and lower temperature polymer-based fuel cells [9,10]. Electrolyte and electrodes are the essential
component of a solid oxide fuel cell. Even if anionic, protonic [11,12] and dual-membrane cells [13]
are reported, the first are the most studied in the literature. The state of the art material for the
electrolyte is fluorite-structured yttria-stabilized zirconia (YSZ) because of its wide range of stability in
oxidizing and reducing media [14], although doped ceria [15] and perovskite Sr- and Mg-incorporated
lanthanum gallate (LSGM) are considered as alternatives for intermediate operative temperatures.
Lanthanum strontium manganite (LSM)-YSZ composite and Sr- and Fe-doped lanthanum cobaltite
(LSCF) are extensively used for cathodes, while Ni-based cermets are conventionally used as anode
materials for SOFCs [16,17], although this Ni-based cermet anode material should demonstrate volume
instability upon redox cycling and low-tolerance to carbon deposition when exposed to hydrogen [18].
Therefore, nickel-free, alternate-structured anode materials are essential to overcome these issues.
Recently, perovskite-structured SrTiO3-based materials received much attention as an alternative
anode materials for SOFCs [19]. Pure SrTiO3 is not suitable as an anode material owing to its low
electrical conductivity. Additionally, donor-substituted SrTiO3 may be used owing to its better thermal
and chemical stability, mixed ionic/electronic conductivity and also carbon or sulphur tolerance [20].
It is widely accepted that the mixed conductivity feature of SrTiO3-based materials enables fuel
oxidation to take place at the triple phase boundary region, also decreasing the associated polarization
resistance [18,21]. However, combination of this electronic and ionic conductivity is not able to
completely satisfy the requirement of electrode materials for SOFC. Therefore, many attempts have
been made to enhance the conductivity of this existing anode materials. It was also reported that the
doping, as an acceptor, has the possibility to increase the ionic conductivity [22,23], whereas the doping
of a donor has been supposed to increase the electronic conductivity [18]. The radii of trivalent Sm3+

(1.24 Å) and divalent Sr2+ (1.44 Å) are nearly equivalent, which coordinated with O dodecahedrally
(AO12). Hence, Sm3+ may be one of the suitable candidates to be substituted at the Sr site as a donor
dopant. It is also theoretically reported that Sm-doped SrTiO3 may exhibit a high thermal expansion
coefficient and conductivity [24].

In this work, Sm-substituted SrTiO3 compositions were synthesized via the auto-combustion
citrate-nitrate route and an attempt has been made to understand the influence of Sm3+ substitution on
the electrical conductivities. The conductivity spectra of SmxSr1−xTiO3−δ systems with 0.0 ≤ x ≤ 0.2 at
measured temperatures have been fitted by using Jonscher’s power law. The validity of the Ghosh
and Summerfield scaling models have been studied to explicate the charge carrier dynamics in the
system. We have also discussed the experimental authentication of polaron conduction mechanisms
obtained from the temperature-dependent conductivity spectra and structural investigation of the
studied samples.

2. Materials and Methods

A few compositions of SmxSr1−xTiO3−δ with x = 0.00, 0.05, 0.10, 0.15 and 0.20 were synthesized
via the auto-combustion route using citric acid as a fuel agent. The starting materials Sm2O3 (99.9%),
SrO (99.5%), C12H28O4Ti (97%) and citric acid were taken in stoichiometric amounts. The oxides were
separately dissolved into nitric acid and then diluted with distilled water and mixed together to form a
clear and homogeneous solution. The appropriate amount of citric acid to obtain a molar citrate-nitrate
ratio (C/N) equal to 0.3 was also added to the solution. The required titanium isopropoxide (C12H28O4Ti)
solution with ethylene glycol was mixed at 100 ◦C to form a homogeneous solution. Finally, all the
mixed solutions were dissolved in distilled water with a few drops of NH4OH solution to keep the pH
value close to 2. In the final solution, titanium hydroxide in the form of a white precipitate had formed.
To dissolve the white precipitate, a few drops of diluted HNO3 were added to keep the pH below 2.
A translucent solution was formed which evaporated slowly with continuous stirring with magnetic
stirrer on a hot plate at 250 ◦C. The resultant solution firstly converted into a brown coloured gel,
then, after self-ignition, into a black coloured ash. This black coloured ash was pulverized by mortar
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and pestle to make the powder. Thereafter, the powder was calcined into the alumina crucible in air
at 1000 ◦C for 10 h. The resultant calcined powders were pelletized via 12 mm diameter cylindrical
die-set under a hydraulic press of pressure of 5 tons/m3. After that, the resulting pellets were sintered
in the air at 1200 ◦C for 12 h and then cooled to room temperature.

The phase composition of unreduced (as sintered) and reduced SmxSr1−xTiO3−δ samples
(x = 0.00, 0.05, 0.10, 0.15 and 0.20) was characterised by using X-ray diffractometer (XRD, Rigaku
Miniflex II desktop) with Cu-Kα1 radiation (λ = 1.54098 Å) in 2θ range of 20–70◦ and a step size of
∆ 2θ = 0.02◦ at room temperature. The lattice parameters, reliability fitting factors Rexp, RB, RF, etc.,
were also calculated using FullProf software (LLB, France) from the fitted XRD profiles. Archimedes’
principle was employed to measure the relative density of the samples by using density measurement
kit (Denver SI-234). The microstructural properties of the samples were examined by field emission
scanning electron microscope (FESEM, model: NOVA NANOSEM 450) and local composition was
checked by energy dispersive X-ray spectroscopy (EDX, Model: EDAX TEAM-Pegasus). The average
grain size of the samples was calculated by using Image-J software through the linear intercept method.
The XPS spectra of the samples were measured by using KRATOS (Model: Amicus) high-performance
analytical instrument with Mg target under 1.0 × 10−6 Pa pressure. The XPS peaks fitted with
XPSPEAK 4.1 software (The Chinese University of Hong Kong, Hong Kong) and further analysed.
Moreover, the sintered pellets were polished with silver paste on both sides for the conductivity
measurement. The resultant polished samples were matured by firing at 700 ◦C for 20 min. The
conductivity measurement was performed in both O2 and H2 atmosphere. Initially, samples were
subjected in O2 atmosphere between room temperature and 700 ◦C and then reduced at 700 ◦C for
24 h in the pure H2 atmosphere. Thereafter, electrical conductivity was measured again from high
temperature to room temperature. A four-probe test station (Probostat, Norecs) was employed for
measuring the electrical conductivity, and impedance was measured by a SOLARTRON 1255–1286,
Schlumberger frequency response analyser in the frequency range of 1Hz-1MHz.

3. Results and Discussion

3.1. Structural Studies

The samples SmxSr1−xTiO3− δ are designated as SST and the compositions with x = 0.00, 0.05,
0.10, 0.15 and 0.20 are assigned as SST0, SST5, SST10, SST15 and SST20, respectively. In SrTiO3, Sr2+

(1.44 Å) ion is coordinated with O dodecahedrally (AO12) whereas Ti forms octahedrally with O
(0.605Å) (BO6) [25,26]. The tolerance factor according to Goldschmidt relation [27,28] is nearly 1,
which shows the formation of ideal perovskite structure. Additionally, the ionic radius of Sm3+ in
coordination number 12 is 1.24 Å and with the Sm substitution, tolerance factor has been calculated
which is observed to decrease from 1.0017 to 0.988 with an increase in Sm content from x = 0.0 to 0.20 as
illustrated in Figure 1. Hence, Sm3+ may be one of the suitable substituent candidates to be substituted
at the Sr site.

From XRD patterns, shown in Figure 2, it was found that all the samples show cubic phase with
space group Pm3m (JCPDS card number: 86–0178). There were no impurity peaks for the samples
with x ≤ 0.10, while secondary phase started to appear for samples x ≥ 0.15. This secondary phase was
identified as Sm2Ti2O7 (JCPDS card number: 73–1699) and the corresponding peak positions are also
shown in Figure 2a. Thus, it is rational to state that the solid solubility limit of Sm in SrTiO3 is less than
15 mol%. On the other hand, the diffraction peaks shifted towards higher angle with an increase in the
concentration of samarium up to 15 mol% as shown in Figure 2b. All compositions were refined with
Rietveld refinement using the FullProf Suite software package using Pseudo-Voigt wave function and
6th order polynomial as demonstrated in Figure 2a. The lattice parameters, cell volume, and reliability
factors of Rietveld refinement are listed in Table 1.
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Table 1. The lattice parameter, cell volume, Rietveld refined parameters, and porosity of the
studied samples.

Sample Lattice Parameter
(Å)

Cell Volume
(Å3) χ2 Re RB RF Rp Rwp Porosity

(%)

SST0 3.9151 60.011 5.81 9.21 4.61 2.93 23.0 22.2 3.5
SST5 3.9136 59.942 5.14 13.6 5.90 4.13 39.3 32.2 6.3

SST10 3.9069 59.634 5.45 13.1 6.46 4.97 41.9 31.3 19.9
SST15 3.9031 59.461 5.67 13.6 7.11 5.39 47.5 32.9 40.0
SST20 3.9045 59.525 5.92 15.9 5.86 5.70 59.1 39.4 38.6

Table 1 also shows that as the Sm concentration increases, the porosity also increases up to x = 0.15,
and after that it decreases. It is also evident that, as Sm content increases in SrTiO3, the unit cell volume
decreases up to 15 mol%. This may be due to the replacement of the larger Sr2+ (1.44 Å, CN 12) by the
smaller Sm3+ (1.24 Å, CN 12) [29,30] which also indicates that the corresponding structural parameters
follow Vegard’s rule [31–33].

Furthermore, Figure 3a shows that the XRD peak (110) broadens with composition (x) which
ensures that the formation of polarons in the system [34], and observed that the width of the XRD peak
(110) increases with the increase in Sm mol% in SrTiO3. The inset of Figure 3a shows TiO6 octahedra
formation in pure SrTiO3, i.e., without any distortion arising from Sm incorporation. Figure 3b shows
the variation of lattice parameter and relative density with x and depicts that lattice parameter and
relative density follow the same trend with x, i.e., the lattice parameter and density decrease with
the increase in x up to ≤ 15. This can be attributed to smaller ionic radius of Sm3+ compared to Sr2+.
And slightly increases for x > 15, due to the solubility limit. According to the Williamson–Hall (W–H)
model, the microstrain and crystallite size were studied from XRD patterns [34–36]. The W–H model
as given by:

βcosθ = 0.9
λ
t
+ 4εsin, (1)

where β is the full width at half maxima (FWHM) at Bragg’s angle (2θ), λ is the X-ray wavelength
of Cu-Kα (λ = 1.54098Å), t is the average crystallite size, and ε is the microstrain. The change in
microstrain and crystallite size with the compositions (x) shown in Figure 3c. It was observed that the
microstrain and crystallite size exhibit similar trends of variation with x, i.e., they increase with the
increase in Sm content up to x = 0.15, while the microstrain and crystallite size decrease for x > 0.15
due to secondary phase formation, as shown in Figure 2a. For confirmation of polarons, the coherence
length of polarons (Lcoh) was calculated and is shown in Figure 3d along with the lattice parameters.
It is well known that Lcoh is less than Lattice parameters (Lcoh < a) for the formation of small polarons
while Lcoh > a indicates the formation of the large polarons [37]. From Figure 3d, it is observed that
Lcoh < a shows the formation of small polarons, except for x = 0.10. Therefore, there may be the
possibility of large polaron formation for the SST10 sample.

It is known that large polarons correspond to electrons free to move like in a conduction band,
while small polarons are described as electrons hopping between neighbouring potential wells [37].
In some cases, the transition between the two regimes is associated to a step-like increase of conductivity.
Therefore, the larger conductivity of SST10 (see below) could be associated with the formation of
large polarons.
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occurs showing diffuseness of the XRD peak (110) with the compositions; (b) the variation of the
lattice parameters and relative density with the compositions; (c) the variation of the microstrain and
crystallite size with the compositions; and (d) the variation of the coherence length of the polarons
(Lcoh) with the lattice parameters.

3.2. Microstructural Analysis

Figure 4a–e show the FESEM micrographs of fractured samples sintered at 1200 ◦C in air and the
grain size distribution (inset). The average grain sizes of all compositions were calculated by using the
linear intercept method and were found to be in the range of 1.6–2.5 µm, with largest value associated
with sample SST10. In particular, the grain size of SmxSr1−xTiO3 δ samples increases with Sm-doping
concentration up to x = 0.10 and decreases for x ≥ 0.15. This can be explained as an effect of Sm-doping
activating grain growth during sintering [38] while the solubility limit is not exceeded. For heavy
doping (≥ 15 mol), the formation of the pyrochlore secondary phase prevents the mass transportation
during the sintering process, thus leading to higher porosity compared to pure SrTiO3.

EDX data were collected in various positions for all specimens. Figure 4f shows the stoichiometric
and average EDX at% for all elements in different compounds. An increasing amount of Sm was found
along the series, although some deviations from stoichiometric values are visible. Such deviations are
largely due to the intrinsic limitation of the technique for the detection of light elements, like oxygen.
However, it can be noted that the oxygen concentrations in SST15 and SST20 are significantly higher
than in SST5 and SST10. This can be partially attributed to the presence of the pyrochlore secondary
phase, which has a higher molar oxygen concentration than the perovskite.



Energies 2019, 12, 4042 7 of 16

Energies 2019, 12, x FOR PEER REVIEW  7  of  15 

 

of Sm‐doping activating grain growth during sintering [38] while the solubility limit is not exceeded. 

For heavy doping (≥ 15 mol), the  formation of the pyrochlore secondary phase prevents the mass 

transportation  during  the  sintering  process,  thus  leading  to  higher  porosity  compared  to  pure 

SrTiO3. 

 

Figure 4. The FESEM micrographs of the fractured samples sintered at 1200 °C  in air (a) SST0, (b) 

SST5, (c) SST10, (d) SST15, (e) SST20 and (f) The stoichiometric and EDX at% for the samples. 

EDX  data  were  collected  in  various  positions  for  all  specimens.  Figure  4f  shows  the 

stoichiometric and average EDX at% for all elements in different compounds. An increasing amount 

of Sm was found along the series, although some deviations from stoichiometric values are visible. 

Such deviations are largely due to the intrinsic limitation of the technique for the detection of light 

elements, like oxygen. However, it can be noted that the oxygen concentrations in SST15 and SST20 

are significantly higher than in SST5 and SST10. This can be partially attributed to the presence of the 

pyrochlore secondary phase, which has a higher molar oxygen concentration than the perovskite. 

3.3. XPS Analysis 

EDX analysis indicated that the samples are oxygen deficient. To verify the oxygen deficiency in 

the  studied  samples,  X‐ray  photoelectron  spectroscopy  (XPS) measurements  of  each  powdered 

composition were  performed.  Figure  5a  shows  the  oxidation  states  of  the  constituent  elements 

present in the SST system. The complete XPS spectra acquired under the range of 0–1150 eV which 

renders XPS binding energy  (BE) peaks of Sm, Sr, C, Ti and O elements with satellite peaks of O 

(KLL). The XPS peaks of the constituent elements are assigned for different Sm substituted samples. 

The C 1s peak originated at ∼286 eV due  to external  contamination of  the  samples. The binding 

Figure 4. The FESEM micrographs of the fractured samples sintered at 1200 ◦C in air (a) SST0, (b) SST5,
(c) SST10, (d) SST15, (e) SST20 and (f) The stoichiometric and EDX at% for the samples.

3.3. XPS Analysis

EDX analysis indicated that the samples are oxygen deficient. To verify the oxygen deficiency
in the studied samples, X-ray photoelectron spectroscopy (XPS) measurements of each powdered
composition were performed. Figure 5a shows the oxidation states of the constituent elements present
in the SST system. The complete XPS spectra acquired under the range of 0–1150 eV which renders XPS
binding energy (BE) peaks of Sm, Sr, C, Ti and O elements with satellite peaks of O (KLL). The XPS peaks
of the constituent elements are assigned for different Sm substituted samples. The C 1s peak originated
at ∼286 eV due to external contamination of the samples. The binding energies of the constituent
elements were estimated by considering C 1s reference peak at 284.6 eV. The XPS wide spectra of all
samples revealed binding energy peaks of Sm 4d at ∼130.8 eV, Sr 3p at ∼269.4 eV, Ti 2p at ∼ 459.4 eV
and O 1s at ∼ 530.6 eV. With increasing Sm3+ doping concentration at the Sr site, there is a slight shift in
binding energy values to the higher energy side. The O (KLL) satellite peak is also noted at ∼741.3 eV
as shown in Figure 5a [39]. Furthermore, the O 1s spectral regions are used to obtain the information
concerning the existence of oxygen deficiency present in the samples.
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Figure 5b shows the XPS spectra of the O 1s core-level. The peaks in these spectra are broad and
asymmetric in nature for all the compositions. Therefore, the peak for all the samples can be split
into two peaks, owing to two different types of oxygen species, i.e., adsorbed and lattice oxygen [40].
The amount of lattice oxygen is reported in Table 2, corresponding for each sample to the ratio between
the area of the sub-peak centred at 529.7 eV and the total area of the O 1s peak. This quantity is a
measure of the oxygen sites’ occupancy or, equivalently, of oxygen vacancies.

Table 2. Activation energy and lattice oxygen content of all Sm-doped samples.

Sample Ea in H2
200–450 ◦C

Ea in H2
450–700 ◦C

Lattice
Oxygen (%)

SST5 0.16 0.33 55.8
SST10 0.15 0.22 66.6
SST15 0.12 0.27 64.7
SST20 0.13 0.17 62.4

The concentration of oxygen vacancies increases for x ≥ 0.1 as expected considering an increasing
incorporation of Sm in the perovskite lattice. On the other hand, the lowest occupancy found in the
sample SST5 can be explained as an indirect effect of porosity. When materials are fired at 1200 ◦C
for a few hours some of the lattice oxygen is eliminated in the whole body of the ceramic. During
the cooling phase, oxygen re-equilibration may be incomplete, especially if the material reaches high
density. In fact, SST5 showed much higher density than other samples, which can explain the higher
oxygen non-stoichiometry.
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3.4. Electrical Conductivity and Chemical Stability

The impedance analysis of Sm-doped SrTiO3 samples was performed by using a frequency response
analyser under the frequency range of 1–106 Hz. Several models have been suggested to understand
the ion dynamics and conduction mechanism [41]. However, in the present system, Jonscher’s power
law (JPL) has been used to study the ion dynamics of the specimens. The conductivity spectra of
any polycrystalline materials consist of two components viz. DC and AC conductivities. Thus, the
electrical conductivity can be described by Jonscher’s power law using following equation [42,43]:

σ = σdc + Aνn, (2)

where σdc is the DC conductivity, A is the pre exponential factor which depends upon temperature, ν is
the frequency and n is the frequency exponent factor varies in between 0 and 1.

Figure 6a shows the conductivity spectra fitted with Jonscher’s power law (JPL) using equation. 2
for the sample SST5 in measured temperature range. The electrical conductivity under low frequency
region is found to be independent of frequency which corresponds to the DC or bulk conductivity
caused by the random motion of charge carriers. However, the conductivity at high frequency region is
frequency dependent and successive dispersion occurs representing hopping motion of charge carriers
due to relaxation processes and this also corresponds the AC conductivity [44,45]. Figure 6a clearly
indicates that the conductivity spectra of SST5 found to follow Jonscher’s Power Law [46]. It was also
observed that all the other samples follow the JPL at the measured temperatures. The variables σdc, νH

and n have been obtained by fitting of data points at all the measured temperatures. The conductivity
spectra were also examined to obey the scaling models. The scaling behaviour of conductivity spectra
was checked by using Ghosh and Summerfield scaling laws. Ghosh scaling function using scaling
parameters νH can be expressed with the following equation [47]:

σ/σdc = F(ν/νH), (3)

where F is the scaling function, independent of temperature and the scaling parameters σdc and νH

are the DC conductivity and hopping frequency, respectively. It was observed that the conductivity
spectra at measured temperatures do not merge into a single master curve in the high frequency range
as shown in Figure 6b. A similar kind of pattern was also observed with the Summerfield scaling
model in which νH introduced as σdc·T is shown in inset Figure 6b. Additonally, all the samples do not
follow the time temperature superposition principle in the high frequency range. This indicates that
the conduction mechanism changes along with the number of charge carriers with temperature in the
high-frequency regime.
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Furthermore, the electrical behaviour of all the compositions was investigated via complex
impedance spectroscopy techniques. In Figure 7, the Nyquist plot shows the bulk relaxation for
measured temperatures in air for the sample SST5. It was observed that the sample shows the lowest
impedance at a higher temperature. The complex impedance plane plots for all other studied samples
also show similar behaviour. In the studied samples, only one semi-circular arc has been observed
at measured temperatures due to the grain/bulk contribution, and the frequency range of these arcs
shift to the higher frequency side with increasing temperature [48,49]. From the impedance plots,
the electrical conductivity of the Sm-doped SrTiO3 system was extracted by the following formula:

σ =
1
Rt
×

l
S

, (4)

where σ, Rt, l and S are the electrical conductivity, total resistance, thickness, and surface area of the
pelletized sample, respectively.
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The DC electrical conductivity of all compositions has also been calculated by Jonscher’s power
law in air and hydrogen atmospheres. Thereafter, the activation energy of conduction for all studied
compositions was calculated by using the Arrhenius relation [50,51]:

σ = σ0/T·e−Ea/KT, (5)

where σ0, Ea, K and T are the pre-exponential factor, activation energy for conduction, Boltzmann
constant, and absolute temperature, respectively. The Arrhenius plot between log (σT) and 1000/T
for Sm-doped samples in a H2 atmosphere is shown in Figure 8a. The Arrhenius plot exhibits two
slopes in the two temperature ranges (i.e., 200–450 ◦C, 450–700 ◦C) for the studied samples [52],
as shown in Figure 8a,b. The maximum activation energy (Ea) is found to be 0.325 eV for the system
in a H2 atmosphere, which indicates high electronic contribution as reported in Table 2. It was
observed that SST10 possesses the highest conductivity (i.e., 2.6 × 10−1 S.cm−1 at 700 ◦C) with 0.218 eV
activation energy.
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Figure 8. (a) The Arrhenius plot (log (σdcT) vs. 1000/T) for the all studied samples and
(b) the comparative Arrhenius plot for the sample SST10 in O2 and H2 atmospheres.

It is observed that SST10 possesses higher conductivity in both atmospheres. An activation energy
lower than 0.5 eV indicates that the samples contribute to more electronic conductivity than ionic
conductivity [53], as shown in Table 2. Additionally, the grain size of the SST10 sample is larger in
comparison to others, resulting in a lower concentration of grain boundaries which frequently reduce
the total conductivity.

The conductivity of SST10 is also considerable when compared to other doped SrTiO3 compositions.
For comparison’s sake, the conductivity at 650 ◦C of SST10 and other reference materials are reported
in Table 3. The reducing conditions, i.e., the temperature and time of treatment under a reducing
atmosphere, clearly influence the total conductivity. However, SST10 shows a higher conductivity
among compositions treated at temperatures ≤ 850 ◦C.

Table 3. Comparison of conductivity at 650 ◦C for various doped SrTiO3 compositions after reduction.
Reducing conditions and literature references are also listed.

Sample σ (Scm−1) @ 650◦C Reduction T (◦C)/Time (h) Reference

Sm0.1Sr0.9TiO3−σ 2.7 x10−1 700/24 this work
Dy0.08Sr0.92TiO3−σ 1.4 x10−1 700/24 [54]
Y0.08Sr0.92TiO3−σ 6.8 x10−2 700/24 [55]
Y0.08Sr0.88TiO3−σ 1.0 x10−1 850/24 [56]
Y0.07Sr0.93TiO3−σ 5.0 x100 1400/5 [30]
Dy0.1Sr0.9TiO3−σ 7.1 x101 1450/4 [57]
La0.1Sr0.9TiO3−σ 7.0 x101 1450/12 [58]
Y0.08Sr0.92TiO3−σ 5.5 x101 1500/10 [52]

Additionally, with the substitution of Sm, there is a slight decrease in the lattice parameters,
whereas, for 10 mol% Sm-substituted SrTiO3, no appreciable change in the lattice parameters in
comparison to pure SrTiO3 is observed. Further, these samples are found to be oxygen-deficient
samples as confirmed through XPS or EDX analysis. The increased conductivity after reduction could
also be understood by defect chemistry.

The lattice oxygen might be lost under reducing atmosphere and thus oxygen vacancies will be
generated according to the following defect equation:

2TiO2→ 2Ti′Ti + V··O + 3Ox
O +

1
2

O2, (6)
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and the following defect equation must be satisfied for balancing the electro-neutrality:[
Ti′Ti

]
=
[
Sm·Sr

]
+ 2
[
V··O
]
, (7)

Therefore, both extrinsic defects, caused by the Sm doping at the Sr-site and intrinsic oxygen
vacancies [59], formed under the reducing conditions, subsidize the formation of electrons and the
increase of electrical conductivity. The investigation of chemical stability for the reduced compositions
was performed by XRD measurements and microstructural studies. From the results as reported
in Figure 9, it was found that the XRD patterns of the samples SST5, SST10, SST15, and SST20
show similarity with earlier samples, and no signature of structural and chemical degradations was
observed [60,61].
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reduced compositions.

Additionally, FESEM images of corresponding reduced compositions (inset in Figure 9) also
confirm that the microstructure was not modified by reduction. Moreover, the XRD peaks of all
reduced samples have been slightly shifted towards the right which illustrated lattice contraction.
In a H2 atmosphere, the lattice contraction may be attributed to increasing the defects along with
oxygen vacancies. Amongst all the explored samples, the most capable anodic material for SOFCs was
Sm0.10Sr0.90TiO3−δ, due to its excellent chemical stability without involvement of a secondary phase
coupled with high electrical conductivity under reducing conditions [62].
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4. Conclusions

The structural and electrical properties of Sm-substituted SrTiO3 (SST) were studied to investigate
its suitability as an anode material for SOFCs. SST compositions exhibit high electrical conductivity
with excellent chemical stability in reducing atmospheres. It was observed that Sm-substitution at
the Sr site was compensated by the formation of electrons. Therefore, there is a decrease in the lattice
parameters observed up to the solubility limit. Ghosh and Summerfield scaling laws also predict
the change in the conduction mechanism at a higher frequency range and it also depends upon the
temperature. The Sr0.90Sm0.10TiO3−δ (SST10) sample shows higher electronic conductivity rather than
ionic conductivity without involvement of a secondary phase. Hence, the Sr0.90Sm0.10TiO3−δ (SST10)
can be proposed as a suitable anode material for SOFC applications.
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