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Abstract: Due to its high oxygen ion conductivity at elevated temperatures, samarium-doped ceria
(SDC) is a very promising material for application in solid state electrochemical devices and especially
in the electrolytes of solid oxide fuel cells. Several prior studies have reported a further improvement
in the ionic conductivity of SDC on doping with small amounts of strontium. It is suggested that
strontium acts as a sintering aid—improving the microstructure of SDC—and as a scavenger of
silicon impurities, decreasing its tendency to form resistive phases at grain boundaries. However,
because of the range of preparation methods and the resulting differences in microstructure and
silicon levels, some inconsistencies exist in the literature. Furthermore, the effect of strontium on
the intrinsic (bulk) conductivity of SDC is not often discussed. To address these issues, a systematic,
combined microstructural and conductivity study has been performed on a compositional series
with a range of strontium contents, Ce0.8−xSm0.2SrxO2−δ (x = 0, 0.002, 0.005, 0.01, 0.02, 0.03, 0.04). A
low temperature synthesis affording products with low silicon was employed. Total bulk and grain
boundary conductivity data were obtained over a wide temperature range. Increasing strontium
content caused a general decrease in total and intrinsic conductivity, but there was an improvement
in grain boundary conductivity at the lowest strontium levels. These results were interpreted by
reference to the microstructures using, among other parameters, the blocking, and normalised
blocking, factors.

Keywords: solid oxide fuel cell; oxygen ion conductor; electrolyte; impedance spectroscopy;
ceria; strontium

1. Introduction

Solid oxide fuel cells (SOFC) are of great interest because of their ability to efficiently
and cleanly convert the chemical potential energy of a fuel and oxidant directly into electri-
cal energy and useful heat [1–4]. There is interest in reducing the operating temperature
of SOFCs [5]. At lower temperatures, cheaper metallic interconnects and supports can
be used and the rates of undesirable solid state reactions, which degrade performance,
are decreased. The electrolyte, which is usually an oxygen ion conductor, is an important
component of the SOFC and largely determines the operating characteristics of the fuel cell.
Early SOFC were mostly based on yttria-stabilised zirconia (YSZ) electrolytes and operate
at 800–1000 ◦C [6]. A reduction in operating temperature to below 600 ◦C is desirable in
order to realise the benefits outlined above. Lanthanide-doped ceria-based electrolytes
display high ionic conductivities at these temperatures and have been used successfully
in the manufacture of SOFCS [7,8]. Gadolinium and samarium are the most common
dopants used in ceria electrolytes, as they give rise to some of the highest conductivities,
an order of magnitude higher than for YSZ at 600 ◦C [6,9]. Despite the success of these
materials, clearly there is still an advantage in developing materials with even higher
conductivity to either reduce operating temperatures or increase power output. As the
limits of conductivity in ceria doped with a single species are approached, there is interest
in whether doping with multiple species can result in higher conductivities.
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A number of papers have been published since 2007 looking at the effects of co-doping
with strontium in lanthanide-doped ceria [10–23]. Doping strategies include substituting
strontium for the co-dopant only, substituting strontium for cerium only, substituting
strontium for equal molar fractions of the co-dopant and cerium and substituting half as
much strontium as the mole fraction of cation removed. The choice of strategy affects the
variation in oxygen vacancy concentration, [VO], and average cation radius.

Initial studies by Lane et al. [10] and Kim et al. [12] considered strontium co-doping as a
method to reduce the deleterious effects of silicon impurities on the conductivity of gadolin-
ium doped ceria [10,12]. Silicon is a common and ubiquitous element and often occurs as
an impurity in many of the simple oxides and nitrates—of mineral origin—employed as
starting materials for the preparation of SOFC electrolyte materials. In addition to this, sili-
con can be incorporated during milling and grinding of precursor solids with Si-containing
media, and from treatments, especially at high temperature, in glass and ceramic containers.
Co-doping with just a few cation percent of strontium was shown to be extremely effective,
nearly eliminating the effects of silicon impurities. This effect was said by Lane et al. to be
caused by the incorporation of silicon into a second phase, which was suggested to form
at grain boundary triple points, leaving most of the boundary silicon-free, and therefore
able to conduct freely [10]. However, Kim et al. suggested that it was unclear if this was
definitely the mechanism [12]. These authors also noted an improvement in sinterability
when strontium was added, and this has since been confirmed by almost all sintering
studies on strontium co-doping. Subsequently, a number of studies have looked more
specifically at the effects of strontium co-doping on conductivity. All studies showed an in-
crease in total conductivity for at least one sample with strontium co-doping compared to a
singly doped sample [10–17,19,20,22]. More generally, however, if co-doping is to be shown
to be beneficial to conductivity, then it needs to result in materials with conductivities
higher than those of the best singly doped materials. Only one of the strontium co-doped
materials in the literature shows total conductivity comparable with the best singly doped
materials [22]. Comparing the most conductive strontium co-doped sample to the singly
doped sample in each study shows that in most cases, the increase in total conductivity
was as a result of an increase in the grain boundary conductivity only. Only one study
showed a significant increase in the intrinsic, bulk conductivity of the most conductive
sample [22], whilst two showed slight increases [17,20], and the remainder either showed it
to be unchanged or decreased [10,12,13,16,20], or did not report bulk conductivities [11,14].
It is generally agreed that the improved grain boundary conductivity observed in all the
studies can be explained by the role of strontium as a silicon scavenger and sintering aid.
Additional explanations for increased conductivity are however suggested by some studies.
Yeh et al. state that doping increases the radius of oxygen vacancies and so widens the
oxygen-conducting channels [11], whilst Gao et al. [19] attribute increased conductivity to
a combination of increased oxygen vacancy concentration and a suppression of ordering of
vacancies due to changes in the configurational entropy reported by Yamamura et al. [24].
Jaiswal et al. [22] also cite the ordering effect.

The current study is designed to address the inconsistencies in the published con-
ductivity values for Sr co-doped materials. The differences in conductivity are thought
to be due to variation in preparation methods causing differences in the microstructure
and impurity levels—especially between studies—which makes it difficult to determine
which parameters control ionic conductivity. Therefore, a combined microstructural and
conductivity study has been carried out, in order to clarify the relationships between chem-
ical composition, microstructure and ionic conductivity. To reduce the potential influence
of impurities and of variations in starting powder microstructure on the conductivity
results, the ceramic precursor powders were synthesised by the citrate–nitrate method
described by Kosinski and Baker [25]. This method yields very pure powders with fine and
reproducible microstructure. In order to make a good comparison with existing studies
the most commonly used doping strategy of replacing Ce for Sr was used giving the
compositional series Ce0.8−xSm0.2SrxO2−δ. The range of Sr concentrations was chosen to
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include particularly low concentrations of Sr, x = 0.002 and x = 0.005 as most previous
studies which looked at co-doping with a range of strontium concentrations showed the
largest increase in total conductivity for the sample doped with the lowest fraction of
strontium [11,13,14,17,19,20,22]. The lowest dopant concentrations studied previously
were 1 cation% [10,13,16,20]. It was decided to investigate strontium doping levels below
this value in order to see whether there was an advantage to doping in this range.

2. Experimental

Mixed oxide powders of Ce0.8−xSm0.2SrxO2−δ with x = 0 (Sr00), 0.002 (Sr02), 0.005
(Sr05), 0.01 (Sr10), 0.02 (Sr20), 0.03 (Sr30) and 0.04 (Sr40) were synthesised by a citrate–nitrate
complexation method. Sm(NO3)3•6H2O (Alfa Aesar, Haverhill, MA, USA, 99.9%),
Ce(NO3)3•6H2O (Alfa Aesar, 99.5%) and Sr(NO3)2 (Alfa Aesar, 99.97%) were dissolved
separately in distilled water to form 0.1M solutions in the volumes required to obtain the
final product stoichiometry. These solutions were stirred separately before combining and
stirring further. A 0.2 M citric acid solution was made using anhydrous citric acid (Alfa
Aesar, 99.5%) and added to the metal nitrate solution at a ratio of two moles of citric acid
per mole of total metal ions. The resulting mixture was stirred for 12 h. The mixture was
heated in an oil bath to 80 ◦C and stirred until all the water had evaporated and a dry
yellow foam had formed. The foam was calcined in air in a muffle furnace at 250 ◦C for
2 h then at 500 ◦C for 2 h. Heating and cooling rates were 2.5 ◦C min−1 and 5.0 ◦C min−1,
respectively. A yellow powder was obtained. The powder was milled at 400 rpm for 1 h in
a planetary ball mill. A 45 mL nylon grinding bowl with 10 mm zirconia grinding balls in a
1:10 powder to ball mass ratio was used.

X-ray Diffraction (XRD) analysis of the powder products was performed using a
PANalytical Empyrean diffractometer (voltage: 45 kV; current: 40 mA). The XRD patterns
were recorded from 10◦ to 100◦ in 0.017◦steps over a 1 h period. A monochromated X-ray
source emitting pure Kα1 radiation was used. Rietveld refinement of the patterns was
performed to confirm the structure and obtain the lattice parameters using HighScore Plus
software from PANalytical. In addition, the Scherrer equation was used to calculate the
average crystallite size.

Chemical analysis was performed by inductively coupled plasma mass spectrometry
(ICP-MS) using an Agilent 7500ce. To prepare the material for ICP-MS analysis, samples of
powder were dissolved in concentrated nitric acid by boiling for 24 h under reflux. Quanti-
tative ICP-MS analysis of the concentrations of Ce, Sm, Sr, Si and Gd were performed. A
full, less accurate, scan of all elements was also performed to check for unknown impurities.
XRF chemical analysis was also performed using a SPECTRO XEPOS spectrometer, looking
specifically at the concentration of Si.

The final microstructure of pellets sintered under different conditions was studied by
SEM. Milled powders with all eight strontium contents from 0 to 4 cation% were pressed
into 10 mm cylindrical pellets at 200 MPa and sintered in a tube furnace in static air at
1250 ◦C, 1350 ◦C or 1450 ◦C for 4 h. Samples were heated at 2 ◦C min−1 and cooled at
4 ◦C min−1. The resulting pellets were polished to a mirror finish and thermally etched
by heating for 1 min at a temperature 50 ◦C below the temperature at which they were
sintered, using the same ramp rates. The samples were coated with gold using a Quorum
Technologies Q150R sputter coater, and SEM images were obtained using a JEOL JSM-6700F
SEM equipped with a field emission gun. For each sample, ImageJ software was used
to measure the areas of at least 300 grains from SEM images of several different regions.
Average grain areas and grain area distributions were obtained from these data.

For electrical measurements, impedance spectroscopy was performed on sintered
pellets of five compositions, Sr00, Sr02, Sr05, Sr10 and Sr30. The pellets were made by
pressing 4 g of powder at 200 MPa in a 25 mm die. These were sintered at 1450 ◦C for 4 h
and polished, both as described above. Pt electrodes of 12 mm diameter were deposited
onto each face of the sintered pellets by screen-printing Pt ink (Engelhardt) and firing at
1000 ◦C. Pt wires (Alfa-Aesar, 99.9%) were attached to the electrodes. Samples were placed
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in a quartz reactor within a tube furnace and a flow of dried synthetic air (50 mL min−1)
was established. Impedance spectra were obtained at temperatures from 150 to 800 ◦C at
50 ◦C intervals using a Solartron 1260 frequency response analyser. The amplitude of the
applied AC voltage was 100 mV and the frequency was swept from 10 MHz to 0.1 Hz. The
spectra were fitted using the ZView software from Scribner Associates and values for the
total, bulk and grain boundary conductivities were obtained.

The densities of pellets pressed and sintered at 1450 ◦C for 4 h as described above
were determined from their mass and dimensions.

3. Results
3.1. Synthesis

The elemental concentrations of the main cations, determined by ICP-MS, for selected
samples are shown in Table 1. The concentrations of Sm and Sr are within the nominal
values; however, Ce is around 0.5 cation% lower than expected. A small fraction of minor
lanthanide elements was detected in all samples.

Table 1. Concentrations of the main cations and Gd, as determined by ICP-MS for selected samples of Ce0.8−xSm0.2SrxO2−δ.

Sample Ce (Cation%) Sm (Cation%) Sr (Cation%) Gd (Cation%) Total Minor Lanthanides (Cation%)

Sr00 79.1 ± 1.3 20.3 ± 0.4 - 0.47 ± 0.02 0.14
Sr02 78.9 ± 1.3 20.4 ± 0.3 0.2 ± 0.07 0.46 ± 0.003 0.13
Sr20 77.5 ± 2.5 20.0 ± 0.6 1.9 ± 0.06 0.45 ± 0.02 0.13
Sr40 75.4 ± 0.9 20.2 ± 0.4 3.8 ± 0.06 0.44 ± 0.006 0.13

Rietveld refinements of the XRD data showed all compositions had a single phase
fluorite Fm-3m crystal structure and the lattice parameter, a, was found to increase linearly
with increasing strontium content, as shown in Figure 1a. The average crystallite size of the
powders was also estimated from the extent of peak broadening in the XRD patterns using
the Scherrer equation. Figure 1b shows that the values were in the range 6.5–11 nm and
decreased with increasing strontium content in a roughly linear relationship. The densities
of the pellets sintered at 1450 ◦C for 4 h were compared to the theoretical densities obtained
from the XRD refinements to give the relative densities, which are plotted in Figure 1c.
Relative density was found to increase with strontium content up to Sr10, after which it
levelled off at 95–96%.

3.2. Microstructure

A set of SEM images taken at the same magnification are presented Figure 2 to show
the evolution of microstructure as a function of Sr content and sintering temperature.
These show that porosity decreases, and grain size increases, with increasing sintering
temperature and with increasing strontium content. The grain size distribution was found
to be log-normal in all samples. A histogram of the distribution for Sr05 sintered at 1350 ◦C
for 4 h, which is typical of the samples studied, is shown in Figure 3. Figure 4 shows the
average grain area as a function of strontium content for all three sintering temperatures.
The average grain size for Sr40 was 14, 56 and 8 times greater than for Sr00 for sintering
temperatures of 1250 ◦C, 1350 ◦C and 1450 ◦C, respectively. The relationship between grain
area and strontium content is linear for the sintering temperature of 1250 ◦C and partly
linear for 1450 ◦C. However, for 1350 ◦C there is a sharp increase in grain area between
Sr02 and Sr10 giving rise to an S-shaped relationship.
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Figure 1. Plots against Sr content (x) of (a) lattice parameter, (b) average crystallite size, as calculated
by the Scherrer equation, and (c) relative density of the Ce0.8−xSm0.2SrxO2−δ powders after sintering
at 1450 ◦C for 4 h.

3.3. Electrical Properties

The impedance spectra were fitted in order to obtain values for the total conductivity
(σt), and the contribution of the bulk (σb) and grain boundary (σgb) processes to the total
conductivity of the samples Sr00, Sr02, Sr05, Sr10 and Sr30 sintered at 1450 ◦C for 4h. In
the atmosphere of dry synthetic air and at the measurement temperatures used here, it is
known that samarium-doped ceria samples are essentially pure oxygen ion conductors,
and therefore that σt, σb, and σgb relate to the oxygen ion conductivity of the samples [26].
Figure 5 shows a Nyquist plot of the impedance spectra obtained at 250 ◦C for all samples.
The larger, higher frequency arc is attributed to bulk processes and the smaller, lower
frequency arc to processes taking place at the grain boundaries. The spectra were fitted
by modelling the bulk and grain boundary processes as two sub-circuits in series, each
consisting of a resistor and constant phase element in parallel. Due to inductance effects, the
bulk and grain boundary resistances can only both be reliably determined at measurement
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temperatures of 350 ◦C or below. At higher temperatures, therefore, the total resistance
was determined from the intercept of the impedance plot with the x-axis.
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Conductivity is empirically found to vary with temperature according to the exponen-
tial relationship,

σ =
σo

T
e−

Ea
kT (1)

where σ is the conductivity, T is the sample temperature, k is the Boltzmann constant, σ0
is a pre-exponential constant and Ea is the activation energy for conductivity. The total
activation energy, Ea, is usually considered to be composed of an activation energy for
oxygen ion migration, Em, and an activation energy for the dissociation of defect associates,
Eass [27]. Figure 6 shows Arrhenius plots of the total, bulk and grain boundary conduc-
tivities for Sr00. For total conductivity, the relationship is linear, obeying Equation (1), at
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lower temperatures, but deviates at higher temperatures. Figures 7 and 8 show that this
behaviour was observed for all samples.
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Figure 8. Arrhenius plots of (a) bulk and (b) grain boundary components of conductivity for the
samples indicated.
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From Equation (1), it is clear that Ea can be calculated from the slope of an Arrhenius
plot of conductivity. It is also possible to obtain values for Eass and Em by assuming that
no defect associates exist at high temperatures (having been thermally dissociated) so that
the slope at higher temperatures is determined solely by Em. Eass can then be calculated
as Eass = Ea − Em, using the slope of the lower temperature section of the plot to find
Ea. In the present work, however, the gradient at high temperatures was too variable to
reliably calculate Em and Eass. Nevertheless, values for Ea were calculated for the total,
bulk and grain boundary conductivity using the temperature range 150–350 ◦C. Figure 9
shows the variation of Ea with strontium content. It shows that the grain boundary Ea is
higher than the bulk Ea and that there is a general increase in all three activation energies
with increasing strontium content. Activation energy for total conductivity increased from
0.94 eV to 1.03 eV from Sr00 to Sr30. There is an interesting variation, however, in the grain
boundary Ea which passes through a minimum at a strontium content of 0.2 cation%.
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Figure 9. Plots of activation energy as a function of Sr content for total, bulk and grain boundary
ionic conductivity of Ce0.8−xSm0.2SrxO2−δ samples.

In order to compare conductivity data for all samples over the whole temperature
range, it is convenient to normalise the conductivities with respect to those of the undoped
sample (Sr00). The normalised conductivity is the conductivity of the sample at each tem-
perature divided by that of Sr00 at the same temperature. Figure 10 shows the normalised
total, bulk and grain boundary conductivities for all samples. From Figure 10a, it is clear
that Sr00 is the most conductive sample at temperatures above 600 ◦C; however, the magni-
tude of the error in the conductivity exceeds the magnitude of the difference between the
samples. It is also apparent that the rate of increase in total conductivity with temperature
increases with increasing strontium content (as can also be deduced from the values for Eas
in Figure 9). Therefore, the biggest change in normalised conductivity is for Sr30, in which
it increased from 0.1 to 0.8 times that of Sr00 from 150 ◦C to 800 ◦C. Figure 10b,c show the
normalised bulk and grain boundary conductivities up to 350 ◦C. The trends for normalised
bulk conductivity are similar to those for normalised total conductivity (though not as
pronounced due to the smaller temperature range). The behaviour for grain boundary
conductivity is slightly different, however. Sr02 and Sr05 show similar conductivity to Sr00
across the temperature range whilst Sr10 and Sr30 increase substantially over the relatively
small 200 ◦C temperature range.
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Figure 10. Normalised (a) total, (b) bulk and (c) grain boundary conductivity for the
Ce0.8−xSm0.2SrxO2−δ samples indicated. Conductivity was normalised by dividing by the con-
ductivity of the undoped sample (Sr00) at each temperature.

In order to see the trend in conductivity with strontium content more clearly, Figure 11
shows the variation in the total, bulk and grain boundary conductivity at a single temper-
ature, 300 ◦C. Here, the absolute values of conductivity can be compared as the range is
not so large. A clear trend can be seen, which is similar for the total and bulk, and slightly
different for the grain boundary conductivity. Both the total and bulk conductivity show
a roughly linear decrease in conductivity with increasing strontium content from Sr02 to
Sr30, with a larger decrease from the undoped sample, Sr00, to the first doped sample, Sr02.
The total decreases in the total and bulk conductivity across the full range are very similar
at 76% and 79%, respectively. The grain boundary conductivity shows a different trend.
There is a slight increase from Sr00 to Sr005 followed by a linear decrease to Sr30. The
increase in grain boundary conductivity from Sr00 to the maximum at Sr005 is 8% while
the decrease from Sr00 to Sr30 was 54%.
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It is useful to examine the relative contributions to the total conductivity of the bulk
and grain boundary components. For example, the 24% decrease in the total conductivity of
Sr05 compared to Sr00 at 300 ◦C results from an 28% decrease in bulk conductivity and a 2%
increase in grain boundary conductivity, whilst the 76% decrease for Sr30 results from a 79%
decrease in the bulk and a 53% decrease in the grain boundary conductivity. It is a general
trend that the relative contribution of the grain boundary to the total conductivity increases
with increasing strontium content. This relationship between the total conductivity and the
bulk and grain boundary components of conductivity is best described by the blocking
factor, BF, which is defined as the resistance due to the grain boundaries, Rgb, divided by
that due to the bulk, Rb, as shown in Equation (2).

BF =
Rgb

Rb
(2)

Figure 12a shows a plot of the blocking factor against strontium content. At all mea-
sured temperatures it shows a large decrease in the blocking factor between the undoped
sample (Sr00) and the doped samples (Sr02–Sr30), then a linear decrease with increasing
strontium content. The size of the initial drop decreases with increasing temperature
and the slope of the decrease from Sr02 to Sr30 is similar for all temperatures. (The data
for 150 ◦C are not included here because, at such a low temperature, the low frequency



Solids 2021, 2 305

intercept of the grain boundary arc was not included in the corresponding Nyquist spectra,
and so the fit was not considered good enough to allow calculation of reliable BF values).
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Figure 12. Plots of (a) blocking factor and (b) normalised blocking factor against strontium content
for measurement temperatures from 200 ◦C to 350 ◦C.

It is possible to semi-quantitatively describe the effect of grain size on the blocking
factor. This allows the factors affecting grain boundary conductivity to be examined in
more detail. Assuming that the magnitude of the blocking factor is directly proportional to
the number of grain boundaries per unit length in the sample, it is possible to get a value
for BF normalised for grain size, NBF. As the number of grain boundaries per unit length,
ρgb, is inversely proportional to grain diameter then ρgb is related to grain area, GA, as
shown in Equation (3).

ρgb ∝
1√
GA

(3)

It is then possible to define the normalised blocking factor as the blocking factor
divided by ρgb as shown in Equation (4).

NBF =
BF
ρgb

(4)

Values for the normalised blocking factor are plotted in Figure 12b. As with the
blocking factor, there is a step between the undoped material (Sr00) and the doped materials
(Sr02–Sr03) followed by a linear trend. However, the step is now reduced in size and the
linear region is almost flat.

Finally, to evaluate these materials as candidates for SOFC electrolytes, the total
conductivity at realistic operating temperatures should be considered. Figure 13 shows
the variation of total conductivity with strontium content at 500 ◦C, 600 ◦C and 700 ◦C.
The trends are similar to those at 250 ◦C, shown in Figure 11, with a linear decrease
in conductivity with strontium content. It is apparent from the plot that the relative
decrease in conductivity with increasing strontium content is reduced as temperature
increases. The decreases from Sr00 to Sr30 at 500 ◦C, 600 ◦C and 700 ◦C were 47%, 37% and
22%, respectively.
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4. Discussion
4.1. Synthesis

The composition of the synthesised powders was checked by ICP-MS analysis. Table 1
shows that the concentrations of Sm and Sr are within the nominal values; however, that of
Ce is lower than expected. The decreased Ce concentration is approximately equal to the
concentration of the Gd impurity. This suggests that Gd was introduced as an impurity in
the cerium nitrate. The concentration of impurities found in the powders are within the
specified purities of the metal nitrates used in the synthesis: 99.5% for the cerium nitrate
hexahydrate and 99.9% for the samarium nitrate hexahydrate. Impurities like the minor
lanthanide impurities are likely to be present in most doped ceria electrolytes, as reagents
of 99.9% purity are among the most commonly used. The concentration of the Gd impurity,
however, is high enough that it may have a small, but significant, effect on the material
properties. A commonly used reagent is 99.5% cerium nitrate hexahydrate [5–7]; however,
it is not known if the Gd impurity is present in such materials, as elemental analysis is
not usually carried out. There is no appreciable systematic difference between materials
synthesised with 99.5% or 99.9% pure reagents in the literature, though differences would
likely be obscured by other larger differences between the materials.

Examination of previous studies on strontium doping indicated that strontium should
be fully soluble in Ce0.8Sm0.2O2−δ at the synthesised levels of doping. The linear variation
in XRD lattice parameter and retention of a single phase Fm-3m crystal structure confirmed
this. The values for the crystallite size were in the range expected from previous work
using the same synthesis method [25]. The decrease in the crystallite size of the powder
with increasing strontium content is, however, in contrast to the increases in density and
grain size in the final sintered materials. The crystallite size of the powder is determined
by the conditions of the sol-gel synthesis and subsequent calcination. There are two
other reports of the relationship between strontium doping and crystallite size of co-
doped ceria. These studies looked at the Ce0.8+x Sm0.2−2xSrxO2−δ [22] (x = 0–0.06) and
Ce0.9Mg0.1−xSrxO1.9 [21] (x = 0–0.06). Both showed slight variation in crystallite size, but
no overall trend, suggesting that there was no direct relationship to the strontium content.
These two systems vary from the one in this study, however, in that their oxygen vacancy
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concentrations were kept constant as strontium content was changed. In addition, it has
also been observed previously that crystallite size decreased from 11 nm to 8 nm when the
samarium content of Ce1−xSmxO2−δ was increased from x = 0.1 to x = 0.3 in materials made
under the same conditions as used in the present study, and that crystallite size was strongly
affected by the calcination conditions [25]. In this system oxygen vacancy concentration
did increase. There is a possible mechanism by which an increase in oxygen vacancy
concentration could cause a drop in cation diffusivity, inhibiting crystallite growth during
calcination. Chen et al. [28] proposed that the rate-limiting diffusion step in aliovalently
doped ceria is interstitial cation diffusion through oxygen vacancies and that this process
can be hindered by the association of vacancies with other species. It is also known
that as the concentration of dopants and vacancies increases, there is a greater tendency
for these associates to form [29,30]. It follows that the parallel increase in vacancy and
Sr concentration in the Ce0.8−xSm0.2SrxO2−δ materials studied here could reduce cation
diffusion, and therefore slow crystallite growth at the intermediate temperatures used for
their synthesis and calcination. It should be noted that this effect does not contradict the
observed improvements in sintering and grain growth with increasing Sr content, since
associated defects are thought to be mostly absent by 1000 ◦C [31].

The increase in the final density of the sample with increasing strontium content is a
clear sign of an improved rate of sintering. As was mentioned in the Introduction, almost
all studies on strontium co-doping showed that sinterability was improved with strontium
addition. The exception is a study on Ce0.8+x Sm0.2−2xSrxO2−δ by Jaiswal et al. [22], which
does not show a clear trend, but does suggest a decrease. The observation of a plateau in
density at strontium doping levels of more than 1 mol% is in agreement with Zheng et al.,
who also found improvements in density were negligible above this level of strontium in
Ce0.8Sm0.2O2−δ [15]. Only two previous studies give a mechanism for the improvement in
sintering. Zheng et al. [15] suggest that viscous flow could be occurring during sintering,
though they do not provide any details, whilst Lane et al. [10] point out the possibility of
liquid phase sintering by the formation of a strontia-silica phase which is liquid at sintering
temperatures. Neither mechanism is proven, however. Sintering is ultimately governed
by diffusion, so improvements must result from an enhancement in diffusion. Possible
mechanisms for diffusion enhancement are discussed in relation to grain growth in the
next section.

4.2. Microstructure

Like the improvements in sintering, the increase in grain size with strontium content
was expected. Other work on the relationship between grain size and strontium doping has
not studied as many compositions and sintering temperatures, however. The log-normal
distribution of grain size, shown in Figure 3, indicated that grain growth was normal in all
samples [32]. The trends in grain size with strontium content and sintering temperature
give a detailed description of the progression of grain size. These trends, in particular the
step in grain size when sintering at 1350 ◦C, can be explained by features of the sintering
process. There are two distinct stages of sintering: densification and pore elimination; and
grain growth. Until pores are eliminated from the material, they pin grain boundaries,
greatly slowing grain growth. The samples sintered at 1350 ◦C show this transition. Below
0.5% doping grain growth is in the slow, densification and pore elimination stage, but
above 1% doping samples are in the fast grain growth stage. The two differing rates of grain
growth are why a 56 fold difference in grain area is seen between high and low strontium
samples sintered at 1350 ◦C. By contrast, samples sintered at 1250 ◦C appear all to be in
the slow grain growth regime and samples sintered at 1450 ◦C to all be in the fast grain
growth regime, and therefore each shows a linear relationship between grain area and
strontium content. It might be expected that samples sintered at 1450 ◦C would not show a
completely linear increase with strontium content as there could still be a change in growth
regime, but at lower strontium content than was seen at 1350 ◦C. In fact, it can be seen in
Figure 4c that the grain size is indeed depressed somewhat at the lowest strontium content.
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As with the sintering improvements, faster grain growth is a result of improved
diffusion. It is likely that the mechanism for this improvement is the same for sintering
and grain growth. Let us consider first the suggestions of Lane et al. and Zheng et al.,
that liquid phase sintering or viscous flow occurs. It might be expected that if strontium
introduces a new, faster diffusion mechanism that a step change in grain size would occur
between the doped samples and the undoped sample. This is the case, but only for the
sample sintered at 1450 ◦C, and may just be due to the grain growth effects discussed
previously. Therefore, while it is possible that liquid phase sintering or viscous flow is
the mechanism by which diffusion is improved, it is not possible to make a conclusion
based on the present results. In order to determine the mechanism, it would probably be
necessary to perform a more detailed study of grain growth variation with sintering time,
which would allow the calculation of the activation energy and sintering exponent.

4.3. Conductivity

The samples for conductivity measurements were sintered at 1450 ◦C for 4 h. This
sintering regime was used as it is close to the regime found to give maximum conductivity
for Ce0.8Sm0.2O2−δ powders synthesised by the same method [25]. Therefore, the undoped
sample is treated as the standard material against which the new materials should be
compared. None of the strontium doped compositions showed a significant improvement
in conductivity compared to the undoped sample at any measurement temperature, though
the relative differences in total conductivity did change with temperature.

Whilst the trends and relative values of the results are clear, in order to establish if the
results are significant, it is necessary to look at the absolute values of conductivity and com-
pare them to the literature. First, Ce0.8Sm0.2O2−δ will be considered in order to establish
the validity of the reference sample. The total conductivity of the Ce0.8Sm0.2O2−δ sample at
600 ◦C was 0.020 ± 0.001 S cm−1, whilst that of a sample synthesised by Kosinski et al. [25]
using the same method, though sintered at 1450 ◦C for 6 h, had a similar total conductivity
of 0.018 S cm−1 at 600 ◦C. The similarity of the values confirms that the sample is a reliable
standard. For a broader comparison, the total conductivity at 600 ◦C of the Ce0.8Sm0.2O2−δ
sample in other studies on strontium doping varies from 0.0031 S cm−1 (Gao et al.) [19]
to 0.013 S cm−1 (Jaiswal et al.) [22], respectively, 85% and 35% less conductive than the
same sample in this study. This wide range of conductivities for materials which are
nominally the same is mostly due to variation in the grain boundary conductivity. While
this comparison of Ce0.8Sm0.2O2−δ samples is useful to compare the baseline, the most
useful comparison, in terms of absolute values of conductivity, is between the conductivity
of the most conductive sample in this and other studies on strontium doping. For total
conductivity at 600 ◦C, the conductivity of Ce0.8Sm0.2O2−δ in this study (0.020 S cm−1)
compares favourably to the highest total conductivities in other studies which include,
0.008 S cm−1 (Ce0.8(Sm0.7Sr0.3)0.2)O2−δ), [19] 0.007 S cm−1 (Ce0.78Sm0.2Sr0.02O1.88), [11]
0.013 S cm−1 (Ce0.79Gd0.2Sr0.01O1.9−δ), [16] and 0.027 S cm−1 (Ce0.82Sm0.16Sr0.02O1.90) [22].
The latter sample, produced by Jaiswal et al. [22] is, in fact, the only sample in any stron-
tium doping study to show higher conductivity than the pure Ce0.8Sm0.2O2−δ in this study.
It should be noted that the value reported by these authors is significantly higher than any
published previously for any aliovalently doped ceria. Therefore, further work to confirm
such a significant effect in the case of strontium-doping with constant oxygen vacancy
concentration would be desirable. The implication of this comparison of conductivity
values of the most conductive samples is that strontium co-doping may not be an effective
strategy to increase the conductivity of aliovalently doped ceria materials past that of the
best existing materials.

In order to gain an understanding of the causes of the changes in total conductivity the
bulk and grain boundary conductivity components must be considered. Generally, the bulk
conductivity depends mostly on the intrinsic conductivity of the material, while the grain
boundary conductivity depends on the microstructure and grain boundary composition
as well as the intrinsic conductivity [33]. As can be seen in Figure 11, changes in total
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conductivity are the result of corresponding changes in both the bulk and grain boundary
components of conductivity. By examining each component in turn, the changes in total
conductivity can be explained.

The grain boundary conductivity will be considered first to explain microstructural
and processing effects, then the remaining intrinsic effects will be considered. It is generally
found that the intrinsic conductivity of the grain boundary is directly linked to that of
the bulk, if microstructural and impurity effects are discounted. Therefore, it is useful
to consider the blocking factor, as this quantifies the magnitude of the grain boundary
resistance, Rgb, relative to the bulk resistance, Rb (Equation (2)). Figure 12a shows that the
blocking factor decreases with increasing strontium content. This means that the effects
of strontium doping on impurities at the grain boundary or on the microstructure must
be beneficial. Figure 12a also shows, however, that the decrease is not linear and that
the trend changes with temperature. There is a step change in blocking factor between
the doped and the undoped samples, the magnitude of which decreases with increasing
temperature. The fact that the size of this step changes with temperature implies that it is
due to at least one factor other than grain size, which is invariant with temperature, and
these factors will be considered after the effect of grain size is quantified. It is clear, from
the results of the grain size study, that doping with strontium does lead to increased grain
size and therefore will have the effect of decreasing the blocking factor. Figure 4c shows
the variation of grain size with strontium content for samples sintered under the same
conditions as the impedance samples. There is a notable symmetry between the shape
of this curve and that of the blocking factor in Figure 11a; a jump between Sr00 and Sr02
followed by a linear section as strontium content is increased further. This suggests that
the blocking factor may be strongly determined by grain size. To examine this possibility,
the normalised blocking factor, plotted in Figure 12b, takes into account the expected
effect of grain size on blocking factor. It appears that the normalised blocking factor also
displays a step followed by a linear region. If the changes in blocking factor were due only
to the changes in grain size then one would expect the normalised blocking factor to be
constant for a given temperature. From Figure 12b, it appears that this may essentially be
the case from 0.20 cation% upwards, although there is still some variation. Between 0 and
0.20 cation%, however, there is still a change in normalised blocking factor. This analysis
of the blocking factor and the normalised blocking factor together indicate that increased
grain size is responsible for the decrease in blocking factor from 0.20 to 3 cation% strontium
doping. As the decrease from 0 to 0.20% is not fully accounted for by grain size, however,
it must be due to a change in the structure or local composition of the grain boundary. It
is likely that this is related to silicon impurities. As discussed in the Introduction, it has
been reported that only a few cation% of strontium doping is sufficient to mitigate the
effects of hundreds of ppm of silicon impurity [10,12]. XRF analysis shows the level of
silicon in the samples of the current study to be less than 10ppm. It is therefore probable
that 0.20 cation% addition of strontium is sufficient to fully mitigate the effects of silicon
impurities in these samples and that further additions will not have any further effect
in this regard. This would result in the variation of the normalised blocking factor with
strontium content that we observe. In summary, there are improvements in the blocking
factor with increasing strontium content due to silicon scavenging and increased grain
size. Now, considering this analysis of the blocking factor the trends in grain boundary
conductivity can be explained. The observed grain boundary conductivity at 300 ◦C, shown
in Figure 11c, shows a slight increase up to 0.5 cation% strontium followed by a decrease.
This trend results from the combination of positive local effects on the grain boundary,
described by the blocking factor, and the underlying decrease in intrinsic bulk conductivity,
which can be seen in Figure 11b. In addition, the trend in the activation energy associated
with grain boundary processes in Figure 9 shows a minimum at 0.20 cation% strontium. It
is probable that this too is linked to the scavenging of silicon by strontium, so reducing the
overall energy barrier to conduction of the grain boundaries.
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The bulk component of the conductivity will now be examined. As previously ex-
plained, once microstructural factors are accounted for, the intrinsic conductivity of the
bulk is the main factor in determining the overall trend in total conductivity. The changes
in bulk conductivity with strontium content will be discussed with reference to the oxy-
gen vacancy concentration, average dopant ionic radius and the valency of the dopants.
Oxygen vacancies play a crucial role by enabling oxygen mobility. However, if the vacancy
concentration is too high the vacancies tend to cluster and become trapped leading to
a decrease in ionic conductivity. As a result, in aliovalently doped ceria, a vacancy con-
centration of 0.05–0.1 is found to be optimal, depending on the identity of the dopants
and the measurement temperature. Dopant ionic radius is also considered to have an
optimal value and this is often thought of in terms of minimisation of the elastic strain in
the lattice which occurs due to the mismatch between the radius of the dopant cation and
that of the host lattice. Finally, dopant valency is observed to strongly affect conductivity
with trivalent dopants, resulting in consistently higher conductivities than for divalent
dopants. It can be seen from Figure 8a that increasing strontium doping decreased the
bulk conductivity at all temperatures for which the components of conductivity could be
resolved. It is well established that the oxygen vacancy concentration and average dopant
radius are the two main variables which must be optimised to maximise conductivity in
aliovalently doped ceria [34–36]. As Ce0.8Sm0.2O2−δ is known to be near optimal in these
respects at intermediate temperatures, changes in these two variables may have a negative
impact on conductivity. Assuming ideal behaviour, as the strontium content in the samples
increased up to the maximum of 3 cation% the molar oxygen vacancy concentration would
increase from 0.10 to 0.13 and the average dopant radius would increase from 1.079 to
1.100 Å. Generally, variations in conductivity of doped ceria with vacancy concentration
and dopant ionic radius follow distinct trends which allow a comparison to be made with
the samples in this study. These trends are studied by varying the dopant concentration
or dopant species, respectively. A comparison between the magnitude of the changes in
conductivity in this study with selected others should reveal the likely reasons for the
decrease in bulk conductivity with increasing strontium content.

Considering first the effect of vacancy concentration, a comparison can be made
with purely samarium doped ceria. The effect of an increase from 20 mole% to 25 and
30 mole% samarium—i.e., a 25 or 50% increase in oxygen vacancy concentration-on total
conductivity—has been reported [25,37–39]. All of these studies found a decrease in total
conductivity at intermediate temperatures when molar oxygen vacancy concentration
was increased beyond 0.1. Kosinski et al. [25] provide directly comparable conductivity
values for the bulk component of conductivity for oxygen vacancy concentrations of
0.1 (Ce0.8Sm0.2O2−δ) and 0.15 (Ce0.7Sm0.3O2−δ) at 300 ◦C. Interpolating linearly between
the bulk conductivity of the two samples at 300 ◦C gives an approximate value of 50%
for the expected decrease in bulk conductivity for an increase in vacancy concentration
from 0.10 to 0.13. Therefore, by comparison with the 76% decrease in bulk conductivity
observed on going from Sr00 to Sr30 at 300 ◦C, it seems likely that the majority of the
decrease in bulk conductivity observed in the present study is a result of the increase in
oxygen vacancy concentration.

Now the effect of the variation in average dopant radius will be examined. It is
increasingly considered to be the case that the change in bulk conductivity with varying
average dopant radius for co-doped materials follows a similar trend to singly doped mate-
rials [40–42]. The average dopant radius of 1.10 Å, for Sr30, is intermediate between those
of Sm, 1.079 Å, and Nd, 1.109 Å. Salih et al. found the bulk conductivity of Ce0.8Nd0.2O2−δ
at 300 ◦C to be 7.2 × 10−5 S cm−1. Interpolating between that value and the bulk conduc-
tivity of Ce0.8Sm0.2O2−δ at 300 ◦C from the present study, 9.5 × 10−5 S cm−1, implies a
decrease in conductivity of 17% due to decreased average ionic radius on going from Sr00
to Sr30.

A final change which occurs with strontium doping, which has not yet been addressed,
is the divalency of the Sr2+ cations compared to the trivalency of Sm3+. It has been noted
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that the attraction of a strontium cation, which has an effective charge of 2−, for an oxygen
ion vacancy, which has an effective charge of 2+, is likely to be stronger than that of a
samarium cation, which has an effective charge of only −1 [15,19]. In addition to this, a
computational study showed that the binding energy of divalent dopant clusters is higher
than for trivalent clusters [29]. The implication of this increased attraction is that divalent
doping would lead to fewer free vacancies and therefore lower ionic conductivity. It is the
case that divalently doped ceria generally shows lower ionic conductivity than trivalently
doped [26]. Therefore, it would be expected that this may be responsible for a small part of
the decreased bulk conductivity observed in these samples.

In summary, the observed decreases in conductivity are most likely to be due to a
combination of increased oxygen vacancy concentration, increased average dopant ionic
radius and the presence of more strongly charged strontium cations. The oxygen vacancy
concentration is responsible for the majority of the decrease, with a large minority due to
the ionic radius and a minor amount due to the more strongly charged cations.

5. Conclusions

A low temperature chemical method was successfully employed to prepare the com-
positional series Ce0.8−xSm0.2SrxO2−δ with x = 0 to 0.04. By XRD, these products were
found to be phase-pure mixed oxides with the fluorite structure and to obey Vegard’s law.
Silicon impurity levels were found to be below 10 ppm by XRF, and this was attributed to
the synthesis method used. The materials consisted of fine powders whose crystallite sizes
were between 6.5 and 11 nm and decreased with increasing strontium content. On pressing
the pellets and firing at 1450 ◦C for 4 h, increasing strontium content caused relative density
to increase to a plateau above 1 cation% and gave rise to a dramatic, almost linear increase
in grain size. Grain size data for each composition fitted well to log normal distributions.

In impedance measurements, the grain boundary arcs were much smaller than the
bulk arcs in all impedance spectra. Bulk (or intrinsic) conductivity decreased monotonically
with increasing strontium content and total conductivity followed the same trend. The grain
boundary conductivity, however, passed through a maximum at low strontium content, at
around 0.20 cation mole%, before falling steadily as strontium content increased further. It
is interesting that the activation energies for total and bulk conductivity increased roughly
linearly with increasing strontium content whereas, for grain boundary conductivity, the
activation energy passed through a minimum—also at around 0.20 cation mole%—before
rising as strontium content increased above this value.

Total conductivity of the undoped material at realistic operating temperatures for
intermediate temperature SOFCs (~600 ◦C) compared very favourably with values reported
in the literature for doped cerias. Sr00 had the highest total conductivity at all measurement
temperatures except at the highest, 800 ◦C, at which Sr02 had a similar value.

To consider the trends in the grain boundary and bulk in more detail, first the blocking
factor, the ratio of grain boundary to bulk resistance, was plotted against strontium content.
The blocking factor showed a gentle decrease with increasing strontium content from
0.50 cation% upwards, but exhibited a sharp drop on passing from the undoped sample
to the 0.20 cation mole% sample. This step feature was reduced in size, but persisted,
when blocking factor was normalised to remove the effect of increasing grain size with
increasing strontium content. This step—which coincides with both the maximum in
grain boundary conductivity and the minimum in the activation energy of grain boundary
conductivity—was attributed to the improvement of grain conductivity caused by the
scavenging of silicon impurities by this small addition of strontium. Since silicon levels
were low in these materials, a small amount of dopant was expected to be sufficient to
fully mitigate the effects of silicon impurities. It is expected, therefore, that in more heavily
Si-contaminated samples, higher degrees of Sr doping would be beneficial.

By separating the contributions first of bulk and grain boundary, and then of the effect
of grain size, to the ionic conductivity of these samples, it has been possible to elucidate
the individual effects of strontium doping.
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